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ABSTRACT 
 
The origin of diffuse intraplate volcanism and 4000 m high topography of the Hangay 
Mountains in central Mongolia is enigmatic, as it is not explained by or predicted by 
traditional plate tectonic models. Chapter One presents new whole-rock 40Ar/39Ar ages 
that range from Holocene to ~30 Ma for the Cenozoic volcanic rocks in central 
Mongolia. The total volume of the Cenozoic volcanic rocks is approximately 1540 km3, 
but prior to erosion, the volume may have been as high as 2900 km3. Volcanism began to 
increase gradually in the early Miocene and peaked in the middle Miocene, with a 
gradual decrease in volume through the Holocene. The low total volumes and the lack of 
an age progressive hot-spot track rule out the presence of a mantle plume. The long-term 
gradual increase and subsequent decrease in volcanic output may also rule out 
delamination. Chapter Two presents the results of a geochemical study to understand the 
source of the volcanic rocks. Isotopic compositions of the volcanic rocks fall between 
prevalent mantle (PREMA) and enriched mantle (EM1) and are similar to other Cenozoic 
basalts from east Asia, though markedly different from the depleted MORB mantle 
(DMM) isotopic signature of the lithospheric mantle in Mongolia, suggesting the 
volcanic rocks must be derived from a sub-lithospheric source. A mantle upwelling 
beneath the region is likely, though the specific cause can not be identified by 
geochemistry and geochronology alone. In Chapter Three, two-pyroxene granulite lower 
crustal xenoliths brought to the surface by the Cenozoic volcanism were studied using U-
Pb geochronology and geochemistry. U-Pb geochronology indicates the lower crust in 
central Mongolia began to form by at latest the Permo-Triassic, likely during the 
formation of the Central Asian Orogenic Belt (CAOB), which is consistent with arc-like 
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geochemical signatures. Recent seismology studies indicate that the high elevations of the 
Hangay region could be isostatically supported by a thick crust. My new data suggests 
the lower crust, and by inference the high topography of the Hangay, formed in the Late 
Paleozoic to Early Mesozoic during the formation of the CAOB, which is significantly 
older than any other previous estimates. 
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PREFACE 
 
Following the widespread acceptance of plate tectonic theory 50 years ago, significant 
advances have been made to improve our understanding of the geodynamic process that 
shaped Earth. Despite this great leap forward in understanding earth, many important 
questions remain that must be addressed to move toward a complete understanding of the 
tectonic processes that shape the lithosphere. In this dissertation, I seek to answer some 
fundamental questions about the origin of intraplate volcanism, development of high 
topography in the middle of continents, and the formation of the lower crust, which 
remain unresolved in our understanding of tectonics and in the evolution of the 
lithosphere. The lower crust is the foundation of the crust; it can influence the surface in 
many ways; thick roots provide isostatic support for high topography, delamination of 
dense lower crust can give rise to intraplate volcanism and dynamically supported 
topography (Kay and Mahlburg Kay, 1993), or at the other extreme the lower crust along 
with the mantle lithosphere add significant stability to cratons over billion-year 
timescales (Jordan, 1978). In some locations, sometimes referred to as hot-spots, basaltic 
volcanism punches through the crust and dramatically changes the surface, sometimes 
bringing with it volcanic gases that have also been shown to change climate (Robock, 
2000). Additionally, hot-spot like volcanism may also influence the landscape through 
the development of dynamically supported topography (He et al., 2003; Saunders et al., 
2007). Other than the geodynamic implications, understanding the evolution of the crust 
and features that develop on it like high-topography and volcanic systems is vital because 
of the clear impact on life. The outer shell of Earth supports and is home to all life. The 
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formation and destruction of topography has a direct and long-term impact on the 
evolution of ecosystems and biodiversity (Bentley et al., 2014; Oliveros et al., 2016). It 
has also been shown that the development of topography on the continents can alter 
climate patterns (Han et al., 1995). Volcanic eruptions can destroy civilizations, and in 
more extreme cases they have contributed to mass extinction events by changing climate 
(Kamo et al., 2003).  
 
As with most unresolved questions, the geodynamic processes that give rise to volcanism 
in intraplate settings are contentious. The unifying theory of plate tectonics explains and 
predicts the existence of volcanism and high topography at plate boundaries. How and 
why these features form in the middle of plates remains somewhat curious. Early in the 
development of modern plate tectonic theory, some researchers attributed intraplate 
volcanism, or hotspot volcanism, to deep mantle plumes (Wilson, 1963; Morgan, 1971). 
Recent evidence suggests deep mantle plumes may still be a viable cause for intraplate 
volcanism in some settings (Campbell, 2005). However, many new ideas that do not 
require a deep mantle plume to produce melting anomalies have emerged (Foulger, 
2010). These new ideas shift from the plume model and suggest a wide range of 
geodynamic processes to produce intraplate volcanism and uplift, including but not 
limited to melting of a metasomatized mantle, thermal blanketing, small-scale convective 
centers, delamination of the lower lithosphere, and intraplate deformation and 
compositional variability in the upper mantle (Anderson, 2005a; Anderson, 2005b; King, 
2007; Foulger, 2010; Foulger, 2012).  This dissertation seeks to address several questions 
about intraplate volcanism: How and why does it form? Are deep mantle plumes required 
 5  
to explain intraplate or hot-spot like volcanism? What role does the lower crust play and 
does delamination of the lower crust produce intraplate volcanism? 
 
In addition to understanding the rocks and topographic features at the surface, we must 
also look more deeply and improve our knowledge about the nature and formation of the 
lower crust to address its role in tectonic processes. The lower crust is not as well studied 
or understood as upper crustal rocks because of its inaccessibility and its often 
polymetamorphic history that can complicate geophysical investigations. Despite these 
difficulties, studies of the lower crust are important as the lower crust is the foundation of 
the continents. Direct samples of the lower crust are rare, but when available they provide 
an important constraint to understand its composition, formation and evolution. Simply 
determining the composition of the lower crust is exciting, given that it represents a 
major portion of the lithosphere we know little about. In this dissertation, I seek to 
answers some fundamental questions about the lower crust: How did the lower crust 
form? What is the composition of the lower crust? Can the lower crust tell us about the 
formation of surface topography?  
 
To answer some of these fundamental questions discussed above I conducted a field 
based study in central Mongolia, which is over 2000 km from any active plate margin yet 
is marked by both high topography and Cenozoic volcanism. Thus it provides an ideal 
location to test new ideas and models proposed to explain intraplate volcanism and high 
topography. Crustal xenoliths in Cenozoic volcanic rocks provide unique insight into 
formation of the lower crust, which can be used to understand its influence on the high 
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topography in the region. Chapter One utilizes a new extensive data set of whole-rock 
40Ar/39Ar ages along with detailed field observations to constrain spatial and temporal 
patterns of volcanism to address the cause of the volcanism. In addition, long term 
averaged river incision rates calculated from dated basalt terraces provided details about 
the landscape evolution in the region and clues about the age of the Hangay Mountains. 
In Chapter Two, a subset of dated samples from Chapter One is used to produce an 
extensive geochemical data set utilizing Sr, Nd, Pb and Hf isotopes as tracers to 
understand the source of the volcanic rocks. The Os isotope system was employed to help 
track crustal contamination of the basalts. Both major and trace element analysis was 
performed to determine the composition of the volcanic rocks. The conclusions of 
Chapters One and Two challenge previous explanations for the origin of the volcanic 
rocks in the region and provide evidence to support non-plume related explanations for 
the volcanism. Chapter Three utilizes thermometry, U-Pb geochronology and 
geochemistry to examine lower crustal xenoliths collected from the Cenozoic volcanic 
rocks to address the composition, formation and evolution of the lower crust. New age 
constraints on the formation of the lower crust in the region suggest a potential link 
between the formation of the deep crust and the age of the high intraplate topography of 
the Hangay mountains.  
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Chapter Abstract  
 
A new comprehensive suite of 235 whole-rock 40Ar/39Ar ages range from Holocene to 
~30  Ma for the Cenozoic volcanic rocks in central Mongolia. Their total preserved 
volume is approximately 1540 km3, but prior to erosion, the volume may have been as 
high as 2900 km3. The 235 new stratigraphically referenced ages combined with surface 
mapping suggest volcanic output began to increase in the early Miocene and peaked in 
the middle Miocene, with a gradual decrease in volume through the Holocene. Trace-
element inversion modeling suggests that the volcanic rocks were derived by low degrees 
of partial melting of a garnet lherzolite source at a depth of 62 km or greater. The low 
total volumes and the lack of an apparent age-progressive hot-spot track suggest that the 
volcanism cannot be attributed to a mantle plume beneath central Mongolia. The long-
term gradual increase and subsequent decrease in volcanic output may also rule out 
delamination as the cause of the volcanism. Instead we favor a small-scale mantle 
upwelling to explain the cause of the intraplate volcanism in the region. This upwelling 
could be the result of one or more different processes including edge-driven convection, 
redirection of asthenospheric flow by the thick lithosphere of the Siberian craton to the 
north, shear-driven upwelling, or melting related to flat-slab subduction.                
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Introduction  
 
The geodynamic processes that cause volcanism and uplift in intracontinental settings are 
controversial. Widespread sequences of Cenozoic basaltic volcanic rocks can be found 
within the high-elevation, low-relief landscape of the Mongolian Plateau (Figure 1.1). 
This area is far removed from any active plate boundary yet contains Cenozoic volcanic 
rocks that range in age from >30 Ma to 5 ka (Schlupp, 1996; Barry et al., 2003). A wide 
spectrum of hypotheses have been proposed for the origin of the volcanism and high 
topography in the area including: (1) deep mantle plumes; (2) sub-horizontal 
asthenospheric flow from beneath the Siberian craton; (3) delamination of the 
lithosphere; (4) edge driven convection; (5) crustal weakness along the Amur-Eurasian 
plate boundary; and (6) far felt effects of the India-Asia collision (Yarmolyuk et al., 
1991; Zorin et al., 2002; Barry et al., 2003; Yanovskaya and Kozhevnikov, 2003; Tiberi 
et al., 2008; Yarmolyuk et al., 2008; Savatenkov et al., 2010). Despite the many studies 
that have been conducted in the region, there is no consensus on the cause of 
intracontinental volcanism and uplift in the region.  
 
The southern extent of the volcanic rocks is centered on the central and eastern flank of 
the Hangay Mountains, which occupy an area of 200,000 km2 and are characterized by 
numerous flat-topped peaks over 3000 m.  Cenozoic volcanic rocks extend northward 
through the Selenga Basin into the Hovsgol rift zone, which is the southern extension of 
Baikal rift zone. The volcanic rocks show a wide range of compositions including alkali 
basalt, trachybasalt, basaltic trachyandesite, phonotephrite, tephrite basanite and basaltic 
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andesite (Barry et al., 2003). The rocks are primarily alkaline, with K2O contents ranging 
from 1% to 5% wt. % (Savatenkov et al., 2010). 
 
 
Figure 1.1.  Digital elevation map of central Mongolia with all sample locations 
shown by yellow dots. Locations of the Cenozoic basalts are shown in red from the 
geologic map of Tomurtogoo (1999). Green triangles show locations where samples 
were dated and river incision estimates were calculated. Rivers mentioned later in 
the text are labeled. Inset world view on right, Mongolia is highlighted in blue. 
Simplified tectonostratigraphic boundaries from (Windley et al., 2007): PЄ - 
Precmabrian crust and Cambro-Ordovician Ganites; AC - Island arcs, ophiolites, 
and accretionary complexes; OCB – Ordovician clastic sedimentary basin; IA - 
Silurian-Carboniferous island arcs; UNDIF - Undifferentiated rocks.  
 
The Cenozoic volcanic rocks are generally well mapped throughout much of Mongolia, 
though their precise ages are not well known, and most previous studies that dated 
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volcanic rocks did not place them in a stratigraphic context. As a result, little is known 
about how volumes of erupted material evolved over time. Previous studies have 
estimated that the volcanic region contains ~3000 km3 of magmatic rocks, in individual 
volcanic fields of less than 30 km3 (Barry et al., 2003; Koulakov and Bushenkova, 2010). 
A study by Yarmolyuk et al. (2008) made some attempt to place dated flows in a 
stratigraphic context, though they were only able to broadly classify three main phases of 
volcanism: an Oligocene through middle Miocene phase of plateau forming eruptions, 
and late Miocene-Pliocene and Holocene stages that formed valley-fill lava sequences.  
 
There are still important questions about the Cenozoic volcanism that remain unanswered 
that are important in constraining geodynamic models: Is there any spatial progression of 
Cenozoic volcanism in the region? Are there any pulses of volcanism that can be related 
to tectonic events like delamination? How have volumes of erupted material varied over 
time? Do volcanic rocks cut by rivers record the timing of uplift driven incision?  Here 
we present 235 new 40Ar/39Ar ages that, coupled with the existing body of volcanic-rock 
geochronology and major and trace-element geochemistry help answer these questions. 
Using these data, we were able to determine the temporal, spatial and volumetric 
evolution of Cenozoic volcanic rocks in central Mongolia to better understand the causes 
of intraplate volcanism in the region.  
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Geologic Setting 
 
Much of Mongolia consists predominantly of allochthonous terranes and island arcs that 
were juxtaposed against the Siberian craton during the Paleozoic. These terranes and their 
associated Cambrian to Devonian sedimentary basins make up the Central Asian 
orogenic system (CAOS) (Kelty et al., 2008). Remnants of the CAOS are preserved in 
Mongolia as a Cretaceous-Paleogene erosional surface (Cunningham, 2001). In central 
Mongolia, the Cretaceous-Paleogene erosional surface has been uplifted to elevations of 
3500-4000 m within the Hangay dome (Cunningham, 2001). Archean to Early 
Proterozoic gneisses and granitoids, unconformably overlain by Cambrian to Devonian 
clastic sedimentary rocks, make up the basement of much of central Mongolia 
(Tomurtogoo, 1999; Cunningham, 2001). Oligocene and younger sedimentary and 
volcanic deposits sit unconformably above the Cretaceous-Paleogene erosional surface; 
some of these have been tilted along the flanks of the Hangay (Cunningham, 2001).   
 
Central Mongolia occupies a unique kinematic transition zone between extensional and 
transpressional regimes. Northwest of central Mongolia is the 200 km thick lithosphere of 
the Siberian craton (Petit et al., 2008). The east and south portions of central Mongolia 
are bordered by Mongolian Altai and Gobi Altai ranges respectively. The Cenozoic uplift 
of the Altai ranges has been attributed to intracontinental transpression caused by far-
field affects of the Indo-Eurasia collision (Tapponnier and Molnar, 1979; Cunningham, 
2005). In north-central Mongolia, more recent tectonic activity has been dominated by 
extension along the Amur-Eurasian plate boundary at the Baikal and Hovsgol rift zones 
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(Thybo and Nielsen, 2009). The origin of rifting in the Baikal region is contentious; some 
workers have suggested that rifting is an active process related to a mantle plume 
(Windley and Allen, 1993; Johnson et al., 2005), while others invoke passive effects of 
the Indo-Eurasia collision (Tapponnier and Molnar, 1979; Cunningham, 2001). Recent 
apatite fission-track thermochronology suggests that rifting in the Baikal region formed 
in response to the Late Cretaceous-early Paleocene gravitational collapse of the Mongol-
Okhotsk mountain belt. Following rift initiation, tectonic activity in the Baikal rift zone 
increased in the late Miocene-early Pliocene due to the Indo-Eurasia collision (Jolivet et 
al., 2009). The processes contributing to the formation of the Hovsgol rift zone are also 
controversial. Sedimentological evidence suggests that the Hovsgol rift formed in the 
Pliocene in response to either a mantle plume or the Indo-Eurasia collision (Fedotov et 
al., 2006). In contrast, despite the nearby surrounding deformation, the Hangay dome has 
acted as a relatively rigid block (Cunningham, 2001).  
 
Seismic studies utilizing tomographic imaging have led to the discovery of a low-velocity 
zone beneath central Mongolia. While its presence is widely accepted in the literature, the 
depth and extent of the low-velocity area is subject to debate (Petit et al., 2002; 
Yanovskaya and Kozhevnikov, 2003; Barruol et al., 2008; Tiberi et al., 2008). A recent 
study using PP and P phases coupled with an inverse tomographic scheme was able to 
image a moderate low-velocity area between 50-100 km and a weaker anomaly extending 
to 300 km depth (Koulakov and Bushenkova, 2010). The maximum anomaly amplitude 
was 2% for shallow depths and decreased to 0.5% for deeper areas. This study was not 
able to image a mantle plume beneath Mongolia, and the relatively low anomaly 
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amplitudes suggest tectonic process in the region are likely driven by intraplate 
interactions rather then deeper mantle dynamics (Koulakov and Bushenkova, 2010).  
 
 
Petrologic Summary of Basaltic Volcanism in Central Mongolia  
 
Cenozoic volcanic rocks in Mongolia are part of a diffuse volcanic province in central 
Asia including northern China and Siberia in the Baikal rift area (Whitford-Stark, 1987; 
Yarmolyuk et al., 1991; Barry and Kent, 1998). Cenozoic lavas in the region are mostly 
alkaline compositions including alkali basalt, trachybasalt, basaltic trachyandesite, 
tephrite basanite, phonotephrite, and foidite, in addition to less common tholeiitic basalts 
and basaltic andesites (Barry et al., 2003; Savatenkov et al., 2010). These rocks are 
enriched in light rare-earth elements (LREE) relative to heavy rare-earth elements 
(HREE), suggesting the magmas originated from a garnet peridotite source (Barry et al., 
2003). Enrichments in large-ion lithophile elements (LILE) and Nb were interpreted by 
Barry et al. (2003) to indicate metasomatism of the mantle source and the presence of 
hornblende. Based on La/Yb vs. Dy/Yb trends, the older Tariat magmas may have been 
derived by 4% partial melting at ~90 km, and an Orkhon magma may have been 
generated by 2-4% decompression melting from the garnet field into the spinel field 
(Hunt et al., 2012). 
 
Isotope geochemistry was utilized by several studies to understand the source of 
Cenozoic volcanic rocks. Whole-rock Sr, Nd, Pb, and Hf isotopic data were interpreted to 
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reflect several mantle components: a slightly depleted prevalent mantle (PREMA) 
component; asthenospheric primitive mantle (bulk silicate Earth); enriched mantle (EM1) 
interpreted to be ancient lithospheric mantle; and an EM2-like component interpreted as 
complexly enriched lithosphere (Barry et al., 2003; Savatenkov et al., 2010; Yarmolyuk 
et al., 2011). Measured 3He/4He isotope ratios of volcanic rocks from central Mongolia 
fall at or below the global range of mid-ocean ridge basalts (MORB), suggesting there is 
no basis for a mantle plume source (Barry et al., 2007).   
 
The most recent geochemical study in the region was completed by Hunt et al. (2012), 
who studied basaltic rocks in the Northern and Eastern Hangay. Their major and trace-
element data are consistent with those of Barry et al (2003), Chuvashova (2007), and 
Savtenkov et al. (2010). Based on Sr, Nd, and Pb isotopic composition they interpret the 
earlier magmas to be derived from an asthenospheric source with the composition of 
Indian Ocean MORB. They interpret younger magmas of Togo to reflect mixing of 
magmas from this source and a metasomatized enriched lithospheric source, and the 
youngest Tariat magmas to have phlogopite in the source region, indicating a shallowing 
of the melting region over time. They find no significant crustal contamination of Hangay 
lavas. Ultimately, they favor a lithospheric delamination model for the origin of Hangay 
basaltic magmas. 
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Methods 
Field sampling 
The 1:1,000,000 geologic map of Tomurtogoo (1999) in combination with satellite 
imagery was used to select sample locations throughout central and northern Mongolia. 
Sample locations were chosen to provide the most complete assessment of the age of the 
volcanic rocks in the area that could be obtained given the logistical challenges posed by 
the rugged and poorly accessible nature of the region. In total, 235 samples were dated.  
When sampling an outcrop, care was taken to place the sample in a stratigraphic context, 
noting the elevation, thickness of flows, location and any other notable features about the 
sequence. Where sequences were cut by rivers, the sample’s elevation above the modern 
river channel was measured so that it could be used to estimate minimum incision rates 
from the dated sample. At a minimum, samples were collected from the bottom, middle 
and top of a sequence of flows to properly bracket the age of the sequence.  
 
Samples for geochemical analyses were collected from the central Hangay Mountains 
from a plateau lava sequence in the Botgon River valley and several topographically 
restricted sequences near Egiin Davaa. A ~700 m thick lava sequence in the Botgon 
River valley is one of the thickest sections in central Mongolia and provides an 
opportunity to assess the evolution of the magma source over time in a single setting. 
Select geochemical samples were dated using whole-rock 40Ar/39Ar geochronology. The 
precise locations and elevations of undated samples were recorded so their ages could be 
constrained using samples that were collected and dated at a later time.         
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40Ar/39Ar Geochronology 
Samples were processed for whole-rock 40Ar/39Ar geochronology to isolate groundmass 
material for dating by removing alteration products and phenocrysts. Following crushing 
in a Rocklabs ring mill for <10 seconds, fine material was washed away using distilled 
water, samples were then dried and sieved and material between 180 and 250 microns 
was retained. Samples were then washed in a sonic cleaner in 1.5 M nitric acid for 15 
minutes to remove alteration products, then for an additional 15 minutes in deionized 
water. Once dry, magnetic material was removed using a hand magnet prior to picking 
under a binocular microscope. Clean unaltered groundmass was selected for dating and 
any visible phenocrysts were removed. Samples that showed a strong reaction with nitric 
acid or appeared highly altered were not dated.  Samples were rated based on their purity 
and are described in detail in the supplemental Table S1. Approximately 1-2 mg of 
groundmass was picked for total-fusion analyses and 10-20 mg of groundmass was 
picked for step-heating analyses.  
 
Samples for total-fusion analysis were packaged in aluminum foil, while samples 
intended for step heating analysis were packaged in copper foil. Both step-heat and total 
fusion samples were loaded into pyrex tubes along with GA1550 biotite (98.79 Ma; 
Renne et al., 1998) spaced at known intervals to serve as flux monitors. Calcium and 
potassium salts were also included in all irradiations to monitor interfering nuclear 
reactions on Ca and K. Samples were irradiated in several batches: I52 was irradiated at 
Oregon State University TRIGA reactor, I48, I55 and I57 were irradiated at the 
McMaster Univeristy reactor, and I58 was irradiated at the USGS TRIGA reactor.  
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Total-fusion analysis was completed on 225 samples, GA1550 flux monitors and salts 
using a Merchantek CO2 laser system coupled to an automated extraction line and Argus 
VI noble gas mass spectrometer. Following irradiation, samples analyzed by total fusion 
were unpacked and loaded into a copper planchet. The CO2 laser was then used to 
completely fuse each 1-2 mg sample. Gas released into the extraction line was cleaned 
using a cold-finger cooled with LN2, additional gas cleanup was completed using two Zr-
Al alloy SAES GP 50 getters for five minutes before release into the mass spectrometer 
for analysis. An additional ten samples underwent step-wise outgassing in a 
Modifications Ltd. double-vacuum resistance furnace coupled to the mass spectrometer. 
Analyses of atmospheric argon were used to constrain the mass discrimination of the 
mass spectrometer. Blanks were analyzed before each sample for the step-heat samples 
and after every four samples for the laser total-fusion analyses. Optical grade CaF2 and 
vacuum fused K2SO4 salts irradiated with each irradiation were analyzed to monitor 
interferences from Ca and K.  
 
Analytical data were reduced using ArArCALC v2.5.2 (Koppers, 2002). The analyzed 
blank values were used to blank-correct all analyses. J parameters were calculated from 
the total fusion analysis of the GA-1550 flux monitors. Measurements of the position of 
each sample relative to flux monitors were used to interpolate a J-parameter for each 
sample. Ages were then calculated taking into account the calculated J parameter, blank-
corrected data, mass discrimination and inference corrections. Plateau ages are reported 
for the samples that were dated by step-wise outgassing. All ages are reported at the 1σ 
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confidence interval; quoted errors include all contributions from the analyses, uncertainty 
in the flux monitor age, and uncertainty in the decay constant.  
 
For the purposes of this study, total-fusion analysis was primarily used to date samples 
because of the significant saving in analytical time compared with step-wise outgassing, 
given past experience that for basaltic whole rocks, total-fusion and step-heating results 
are almost always very close for high-quality, properly prepared samples. In the Lehigh 
lab, a typical laser total-fusion analysis can be complete in 14 minutes, while detailed 
step-wise outgassing of a single sample can take upwards of ten hours. If bake-out time 
between samples is also take into consideration, 235 samples would take over six months 
of continuous analysis to complete if analyzed by using the step-wise outgassing method. 
For our study, the number of samples run is more important than obtaining a high 
precision date on a single flow. The total fusion approach is appropriate because we are 
interested in broadly understanding the progression of volcanism across a very wide area, 
not dating a discrete event with high precision. Step-wise outgassing can sometimes 
provide more information about a sample through observable degassing patterns and 
isochron plots, but phenomena like recoil exchange among phases can complicate and 
undermine interpretation of spectra (Huneke and Smith, 1976). Total-fusion ages may be 
more accurate than plateau ages obtained from step-wise outgassing as the are not 
susceptible to the effects of recoil redistribution provided the samples are completely 
fused. Ten samples were analyzed using the step-wise outgassing method to assess the 
agreement between plateau ages and total-fusion ages (see results section). The remaining 
total-fusion ages are robust because several samples were collected from each sequence 
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of volcanic rocks, and as a result, ages can be cross-checked by other samples in the 
sequence to assess that the ages are consistent with their stratigraphic relationships. In 
addition, several duplicate samples were picked, irradiated, and run separately using the 
total-fusion approach; these duplicates produced ages that were well within error of same 
sample.   
 
Incision Rate Estimates 
Several volcanic rock samples collected along modern rivers were dated to constrain long 
term average incision rates. Samples were collected within the Hangay Mountains in the 
headwaters of the Orkhon, Chuluut, Baydrag, Xoid Tamirin and Urd Tamirin Rivers. 
Samples were also collected off the flanks of the Hangay Mountains along the Selenga, 
Orkhon and Hanui Rivers. In addition, volcanic rocks were collected from the Arigiyn 
River on the southern edge of the Hovsgol plateau. At each location, several flows were 
dated and the height above the river of the uppermost (youngest) basalt flow was 
measured. The age of the youngest flow was divided by its height above the river to 
determine a long-term time-averaged incision rate. For most cases the incision rates are 
time-averaged from the age of the flow to the present, with the exception of two locations 
in the Orkhon River’s headwaters where younger flows have been inset into paleo-river 
valleys. In those cases, the calculated incision rates are averages for the time period 
spanning the age of the uppermost flow to the age of the oldest inset flow.  
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Volume Calculations  
Two estimates of the total volume of Cenozoic volcanic rocks erupted in central 
Mongolia were made in this study: an estimate of the total volume of material present at 
the surface today, and an original volume estimate that attempts to account for eroded 
material. First, the preexisting mapped area of Cenozoic basalts of Tomurtogoo (1999) 
was refined using field observations and satellite imagery. Surface area was then 
calculated in ArcGIS using the improved map. The volume of Cenozoic volcanic rocks 
present at the surface today was calculated using the surface area of the mapped flows 
multiplied by the thickness that was measured at various locations in the field. Using the 
improved volcanic-rock map, field observations, and dated samples, we were able to 
connect similar sequences of flows that were likely eroded by glacial and fluvial 
processes to produce a map showing an estimate of the maximum extent of the Cenozoic 
volcanic rocks. Similarly, this maximum surface area was multiplied by measured 
sequences thicknesses to produce an original volume estimate. Given the large area 
covered by the volcanic rocks, both the existing and original volume estimates do not 
account for any minor underlying topography. In many cases flows cap topography, and 
the effect of any edges or underlying topography would be negligible. In areas like Egiin 
Davaa where there is significant paleo relief beneath the Cenozoic volcanic rocks, the 
mapped field was divided into separate smaller areas and volumes were then calculated 
using their individual thicknesses. 
 
The error present in the volume estimates is difficult to assess. Mapping errors that 
erroneously report the extent of the Cenozoic volcanic rocks would change the surface 
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area used in the volume calculation. Great care was taken to inspect and modify the 
preexisting map, but in some areas where exposures are sparse, the extent of the 
Cenozoic volcanic rocks is poorly constrained. Thickness measurements are also a source 
of error in that the thickness of the flows could change laterally, although actual 
thicknesses at specific field locations are known fairly accurately since they were 
measured using a laser range finder. If the base of a sequence is not exposed, the total 
thickness may be underestimated. To reduce errors in areas known to exhibit lateral 
variations in thickness, large areas of mapped flows were divided into smaller subsets 
prior to calculating volume to account for the changes in thickness. The limiting factor 
associated with this method is the number of locations where thickness was measured and 
samples were dated. In some locations with poor exposure, difficult access, or small 
overall surface area (a few square kilometers or less), only one sequence was measured.  
 
We estimated the uncertainty in our basalt volume measurements to be ±30% by re-
mapping a representative 15-20 Ma volcanic field which caps older rocks in the central 
Hangay using satellite imagery. The mapped area of this field used in the volume 
estimates presented later in the paper was 88 km2 with a measured thickness of 182 m for 
a total volume of 16 km3. This mapped area that we consider to be correct was defined by 
interpreting changes in slope, appearance of outcrops and changes in ground cover on 
satellite imagery and field observations to best estimate the correct area of the basalt 
field. To consider reasonable errors that could have been made while mapping, we re-
mapped what could be considered as a conservative minimum and generous maximum 
area for this field to be 68 km2 and 110 km2, respectively. The minimum area was 
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mapped by tracing a clearly visible upper basalt flow, while the maximum estimate was 
made by mapping the appearance of underlying basement rocks from beneath soil and 
vegetation cover. Both of these minimum and maximum spatial extent estimates would 
cover the range of errors that are possible in our maps especially for locations with poor 
exposure. Errors in the thickness measurements were also assessed by measuring a 
minimum thickness from the top flow to the lowest prominent flow that could be 
observed on satellite imagery and by measuring a maximum thickness from the 
underlying basement rock observed on satellite imagery to the uppermost flow. The 
minimum and maximum thickness estimates were 140 m and 188 m, respectively 
compared to the field measurement of 182 m. Minimum and maximum thickness and 
area errors were propagated to produce the error in our volume calculation. A prior study 
that employed similar methods to calculate the volume of the Colombia River Basalt 
group estimated errors in their volume estimates to be ±18% (Tolan et al., 1989). Even if 
our calculations of the pre-erosional total volumes of the volcanic rocks were 
significantly underestimated, the interpretation of the magmatic origin to follow would 
not change. If the estimates were off even by 100%, which is unlikely, the volumes 
would still be orders of magnitude too low to be considered flood basalt volcanism.     
 
Geochemistry  
Several sections of Cenozoic volcanic rocks in the central Hangay were sampled to 
characterize the local geochemistry. This effort included characterization of a detailed 
section through the plateau lavas, sampling a 662-m-thick section in the Botgon River 
valley near Egiin Davaa (37 samples from 63 flows plus 3 dikes) with 64% of section 
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being exposed. Shorter sections (18-130 m) and isolated localities in valley-confined 
lavas south and west of the plateau section were also sampled (20 lavas sampled plus 1 
dike). These samples were analyzed for major elements by XRF and some were also 
analyzed by ICP-MS for trace elements. Analyses were performed at Washington State 
University’s GeoAnalytical Lab. Sample locations and analyses are reported in 
supplemental Table S2, and results and conclusions are summarized to provide additional 
petrologic context. 
 
 
Results  
 
40Ar/39Ar Geochronology 
All ages and related age information, sample locations, flow thicknesses, and section 
measurements can be found in supplemental Table S2. New total-fusion 40Ar/39Ar whole 
rock ages range from Holocene to ~30 Ma for the Cenozoic volcanic rocks contained in 
sequences of varying thicknesses from 5 to 719 meters. The 235 new total fusion ages 
consistently comply with their stratigraphic order, with the exception of one age. Sample 
11MOLA72, from the eastern Hangay, yielded an age of 32.38 ± 0.57 but is bracketed by 
over- and underlying flows which yield ages of 20.65 ± 0.41 and 21.22 ± 0.31, 
respectively. The anomalously old age may reflect excess argon incorporated in 
phenocrysts that formed prior to eruption, the presence of potassium-rich xenocrysts 
derived from the older surrounding rocks, or from interactions with older rocks that could 
have partially outgassed radiogenic argon into the flow as it cooled. This age is not 
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considered in the figures and discussion to follow. Three duplicates of total fusion 
samples were run: 11MOPZ15a, b (13.47 ± 0.20 Ma, 13.24 ± 0.13 Ma), 11MOPZ17a, b 
(11.79 ± 0.18 Ma, 11.74 ± 0.17 Ma), and 11MOLA42a, b (11.21 ± 0.18 Ma, 11.22 ± 0.19 
Ma). All duplicate samples are in good agreement and within error of each other at the 1σ 
confidence interval. Careful sample preparation prior to selection for dating likely 
prevented additional anomalous ages and contributed to the reliability of the data 
presented herein.  
 
In addition to the Cenozoic dates, several volcanic rocks on the southwest flank of the 
Hangay Mountains (previously mapped as Cenozoic) were dated, and the new ages range 
from 83.23 ± 1.16 Ma to 85.92 ± 1.19 Ma (samples 11MOPZ20a/b, 11MOPZ18). Since 
they are considerably older than the Cenozoic volcanic rocks that are the focus of this 
paper, they are not shown on the maps that follow. Two Mesozoic mafic dikes, 
12MOLA70 and 12MOLA69, located in the western Hangay near the high peak of 
Otgontenger were also dated, yielding ages of 239.92 ± 3.18 Ma and 246.33 ± 3.26 Ma 
respectively.  
 
In addition to the total fusion ages, ten samples were also dated by step heating whole-
rock material (Figure 1.2). Total-fusion ages of step-heated samples are in general 
agreement with the weighted plateau age for all samples. Release spectra for some 
samples show minor discordance with some evidence of recoil redistribution of 39Ar. The 
downwardly stepping pattern observed in some samples is likely the result of 39Ar 
redistribution into highly retentive minerals like olivine (Huneke, 1976), which is present 
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in most samples as a component of the groundmass and as phenocrysts (removed during 
picking). Given the abundance of olivine in many of the samples, total-gas ages may be 
more accurate than plateau ages as they are not susceptible to the effects of recoil 
redistribution provided the samples are completely fused. Several samples show evidence 
of a non-atmospheric trapped argon component. The inverse-isochron age may be the 
most reliable for these samples, though the difference between the inverse-isochron age 
and the total-gas age is nearly within error. The general agreement of the plateau, inverse 
isochron and total fusion ages suggests that the laser total fusion analyses of the majority 
of the samples in this study provide sufficiently reliable results, especially when samples 
are collected from sequences with multiple dated flows to cross-check their accuracy. 
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Figure 1.2. 40Ar/39Ar release spectra for 8 samples. Upper panel samples are from a 
continuous section near Egiin Davaa. Lower panel samples are from various 
locations in central Mongolia. Weighted plateau ages are listed on left (P) with total-
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gas ages (TF) on the right. Sample numbers from top to bottom, LU1426, LU1430, 
LU1429, LU1428, LU1427, 11MOPZ16, 11MOPZ11, 11MOPZ10, LU1425 and 
11MOKW05.   
 
 
Several previous studies report ages for volcanic rocks in central and northern Mongolia 
performed using a combination of 40Ar/39Ar and K-Ar techniques (Devyatkin and 
Smelov, 1980; Schlupp, 1996; Barry et al., 2003; Hankard et al., 2007; Tielke, 2008; 
Yarmolyuk et al., 2008). Due to the lack of published stratigraphic relationships and 
specific location data, we were unable to reanalyze specific flows referenced in these 
studies. Instead, several flows were sampled in close proximity to the locations of the 
previously dated flows. Our new age data are in good agreement with previous results, 
suggesting the previously measured ages can be used in combination with our new data to 
assess the timing of volcanism. See supplemental Table S3 for a compilation that 
includes 79 previously published ages. In total, 312 ages of Cenozoic volcanic rocks from 
central Mongolia are available in the supplemental data.    
 
Spatial and Temporal Patterns of Volcanism 
Approximately 1,540 km3 of Cenozoic volcanic rocks underlie Mongolia today, but prior 
to erosion, the volume may have been as high as 2,900 km3. These rocks are contained in 
sequences of varying thickness in an area that spans from the Valley of Lakes across the 
eastern Hangay and north into the Selenga Basin and the Hovsgol rift zone (Figure 1.3). 
In general, flows younger than 5 Ma are contained within valleys and can be classified as 
valley-filling sequences, as originally described by Yarmolyuk et al. (2008). These 
younger flows are typically contained within sequences of less than 150 m thickness. 
This youngest phase of volcanism is focused within the central Hangay and the Selenga 
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basin. Flows 5-25 Ma make up sequences that in some cases approach 750 m in 
thickness. In some cases the more voluminous flows of the older sequences fill 
paleotopography and form broad flat plateaus that have since been incised by glacial and 
fluvial processes in the central Hangay. The 5-25 Ma volcanic rocks are fairly widespread 
throughout central Mongolia, spanning from the far north in the Darkhad depression and 
Hovsgol rift to the Gobi Altai in the south. The earliest phase of basaltic volcanism (25-
35 Ma) is characterized by thin sequences of less than 200 m, and generally low volumes 
focused in volcanic centers in the Valley of Lakes and south of the Hovsgol rift zone.  
 
Figure 1.3. Age distribution of Cenozoic volcanic rocks in the central Mongolia. 
Solid fill is existing rock, dashed lines show a potential maximum extent for the 
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volcanic rocks. Right shows a bar graph showing the volume of volcanic rocks 
produced for a given time period. Again solid fill is existing rock, dashed lines show 
a potential maximum volume if eroded material is accounted for. 
 
The HS3-NUVEL1A plate motion model suggests Central Mongolia is moving ~21 
mm/yr toward ~283° relative to the fixed hotspot reference frame (Gripp and Gordon, 
2002). If a fixed mantle plume was responsible for the volcanism, this movement would 
produce a ~600 km long nearly east-west trending hotspot track with the oldest ages in 
the west. No simple age-progressive trend is apparent in the spatial distribution of the 
volcanic rocks, as would be expected if the volcanic rocks were erupted along a 
migrating hotspot track. Volcanism in the region was sporadic until ~25 Ma, when the 
major pulse of volcanism began. Eruption rates of the main phase of volcanism increased 
steadily and peaked between 15 to 10 Ma, then decreased to present day (Figure 1.3). 
Volcanism was widespread across central Mongolia from 35 to 5 Ma. After about 5 Ma, 
volcanism became somewhat more localized in the central Hangay and Selenga Basin, 
though this young phase still spans a considerable area.  
 
Incision Rate Estimates 
In a number of locations throughout central Mongolia, the Cenozoic volcanic rocks have 
been incised by modern rivers. At 19 of these locations we were able to date the volcanic 
rocks cut by the river and measure sample heights relative to the river elevation to 
determine time-averaged incision rates. Of the calculated rates, 17 are time-averaged 
from the age of the oldest flow to the present. The other two rates were calculated for 
areas that had complex stratigraphy where Miocene flows were eroded and younger 
Pliocene flows were later inset into the river valleys (Figure 1.4, Figure 1.5). At those 
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two locations, we were able to calculate incision rates averaged from the age of the 
highest flow to the age of the youngest inset flow. Our calculated Miocene-Holocene 
incision rates from these volcanic sequences range from 2.9 to 58 m/Ma throughout 
central Mongolia (Figure 1.6). The two Miocene-Pliocene rates determined from 
sequences of inset flows in the eastern Hangay are 19 and 23 m/Ma. In general, incision 
rates are higher at locations where the volcanic rock terraces are younger and the rates 
have been averaged over shorter time periods.   
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Figure 1.4. Stratigraphy of the Cenozoic volcanic rocks at the headwaters of the 
Orkhon river in the eastern Hangay Mountains. Older Miocene flows were eroded 
(section B) and younger Pliocene flows were inset into the stratigraphy (section A). 
C. Shows a model of the volcanic rock stratigraphy in the Upper Orkhon valley with 
each section highlighted by the red box.  
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Figure 1.5: Annotated field photograph of the upper Orkhon valley. Sample 
locations and ages are shown by the black arrows. This photo corresponds to the 
section depicted in Figure 1.4.  
 
 
Figure 1.6. Time interval used to calculate incision rate vs time averaged incision 
rate for several locations in central Mongolia. Locations of incision rate 
measurements can be viewed in Figure 1.1. Circles represent locations where the 
time interval used was the age of the uppermost basalt flow to present. Triangles are 
locations where younger flows were inset into older flows, at those locations the time 
interval is the age of the uppermost flow in the older sequence minus the age of the 
lowermost flow in the younger sequence.      
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Geochemistry 
Sixty-one basalt flow and dike samples collected from the central Hangay near Egiin 
Davaa can be classified as alkali basalt (5/61), trachybasalt (51/61), basaltic 
trachyandesite (4/61), and phonotephrite (1/61, a dike). They range from 5.1-10.2 wt.% 
MgO and have SiO2 contents of 47.2-51.4 wt.%. They contain 5-24% phenocrysts, with 
olivine > plagioclase > clinopyroxene being the predominant assemblage, often in 
glomerophyric clusters. One primitive basalt includes orthypyroxene phenocrysts, and 
several samples have olivine only, olivine + plagioclase, or olivine + clinopyroxene. 
Partially reacted xenocrysts (quartz) and xenoliths (generally pyroxenite) occur in several 
samples.  
 
Lava compositions exhibit considerable scatter on major and trace-element variation 
diagrams indicating diverse liquid lines of descent (10.2-5.1 wt.% MgO) and variable 
parental magma compositions. In the plateau section at Egiin Davaa there are at least 
three compound lava sequences (6-13 flows) that exhibit systematic chemical variation 
trends with elevation; all becoming more evolved up-section (Figure 1.7). Variation in 
two compound sequences reflects fractional crystallization, with or without assimilation 
(indicated by systematic increase in K2O/P2O5 with decreasing MgO), but one sequence 
has decreasing abundances of some incompatible elements (e.g., K2O, P2O5, Rb, Ba) with 
decreasing MgO. This sequence may reflect magma mixing between basaltic magmas on 
two distinct fractionation trends, one being more olivine dominated with less 
incompatible-element enrichment.  
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Figure 1.7. Geochemical stratigraphy and Ar/Ar ages for the densely sampled 
Botgon River valley plateau lava section.  Three compound lava sequences are 
shown with colored symbols.  Ages determined by the incremental heating method 
are bold, the others are total fusion ages.  Note that all three compound lava 
sequences become more evolved up-section. 
 
 
Rare-earth element patterns of central Hangay basalts exhibit LREE enrichment, similar 
to results from elsewhere in the province. There is a steep positive correlation between 
La/Yb and La that cannot be explained by fractional crystallization or variable degrees of 
melting of a spinel lherzolite, and a steep negative correlation between La/Yb and Yb 
indicates that assimilation cannot explain the La/Yb variation. These data require the 
involvement of garnet in the mantle source, and can be modeled as 2-5% melts of garnet 
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lherzolite with 2-6% garnet in the source, using as a starting composition the average of 
garnet lherzolites in the Vitim volcanic field in Siberia, (from Ionov, 2004).  The Vitim 
basalts have major element similarities to central Mongolia basaltic lavas (Ionov, 2002) 
(Figure 1.8). The involvement of garnet indicates a depth of melting of at least 62 km, the 
depth of the spinel/garnet transition from Ionov et al. (1998). Samples that were modeled 
as the lowest degree melts also have enriched incompatible-element abundances for their 
respective MgO content, consistent with low-degree melting. The most enriched 
compositions (lowest degree melts) include the two lowest flows and the late dikes that 
cut the section, suggesting that in the central Hangay, basaltic volcanism initiated and 
waned with relatively low degrees of melting. 
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Figure 1.8. Plots of (A) La/Yb vs. La, and (B) La/Yb vs. Yb for samples analyzed by 
ICP-MS from the densely sampled sections in the central Hangay Mountains (25 
samples).  Data points are fractionation-corrected to 10 wt.% MgO (highest MgO in 
sample set).  Lines show results of modeling of varying degrees of batch melting of 
garnet and spinel lherzolites with modes: (A) 6% garnet, 64% olivine, 15% 
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clinopyroxene, and 15% orthopyroxene; (B) 2% garnet, 68% olivine, 15% 
clinopyroxene, and 15% orthopyroxene; and (C) 3% spinel, 67% olivine, 15% 
clinopyroxene, and 15% orthopyroxene (note: relative abundances of phases other 
than garnet have little effect on the results of model).  Initial bulk composition used 
was an average of 23 lherzolite xenoliths from the Vitim volcanic field in Siberia 
from Ionov (2004) which have major element similarities to central Mongolia 
basaltic lavas (Ionov, 2002). Partition coefficients used were those of McKenzie and 
O’Nions (1991).   
 
 
Discussion 
 
Our data provide insight into the temporal, spatial and volumetric evolution of Cenozoic 
volcanic rocks in central Mongolia and help to constrain the causes of intraplate 
volcanism in the region. The resolved spatial patterns and volumes of volcanic rocks 
allow us to examine the viability of previously proposed mechanisms used to explain the 
origin of the volcanic rocks. In addition, these new data help shed light on the landscape 
evolution in the region over the past ~30 Ma.  
 
Landscape Evolution 
Incision rates ranging from 2.9 to 58 m/Ma across central Mongolia are relatively slow 
and typical of those seen in areas with little or no tectonic activity. The highest rates 
occur on the Selenga and Orkhon Rivers on the eastern flank of the Hangay and in the 
Selenga Basin. Most modern channels in the Hangay region are filled with alluvium and 
not actively incising bedrock, with the exception of some knickpoints on the Orkhon 
River. The apparent increase in rates averaged over shorter time intervals compared to 
those averaged over longer period is likely the result of the fluvial Sadler effect, where 
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incision rates are time dependent due to systematic bias in measurements or stochastic 
causes (Figure 1.6) (Gardner et al., 1987; Gallen et al., 2015). As a result, our rate 
estimates cannot be used to determine if there has been a change in incision over time 
because rates averaged over different lengths of time are not comparable.  
 
It is unclear if incision in central Mongolia is driven by changes in relief related to uplift 
of the mountains or if the rates reflect the re-grading of stream profiles after many valleys 
were filled with Cenozoic volcanic rocks. Rates may also be slow due to limited moisture 
in the region and the fact that the region has become increasingly arid during the 
Cenozoic (Caves et al., 2014). Despite these alternate explanations for the slow rates, if 
uplift occurred recently or was ongoing, one would still expect rates that are orders of 
magnitude higher than those observed as rivers respond to tectonic forcing. As a result, 
the very low time-averaged river incision rates calculated from volcanic terraces suggest 
there has not been significant recent uplift. This finding may suggest that the high 
topography in the region predates the eruption of the volcanic rocks, though new 
evidence from basalt paleoaltimetry suggests that 1000 ± 500 m of uplift occurred in the 
last 10 Ma (Sahagian et al., 2014). This new finding accounts for less than one-third of 
the total elevation in the Hangay, with an additional ~2500 m of uplift remaining 
unconstrained. Whether the cause of the uplift and the volcanism are one and the same is 
not clear.     
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Origin of Cenozoic Volcanic Rocks 
The total volume of the Cenozoic volcanic system in central Mongolia (1,540-2,900 km3) 
is extremely low compared to those of many large igneous provinces (LIPs) that often 
have volumes in excess of 1 million km3 (Coffin and Eldholm, 1994). Despite the low 
volumes erupted over a broad area, the volcanism in central Mongolia has persisted for 
~33 Ma in an area far removed from active convergence. Mantle plumes are often used to 
explain LIPs and have been invoked by several authors to explain the origin of Cenozoic 
volcanic rocks in central Mongolia (Dobretsov et al., 1996; Zorin et al., 2002; Zorin et 
al., 2003; Savatenkov et al., 2010; Yarmolyuk et al., 2011). Based on the lack of any age 
progressive hot-spot track, the long duration, but low volume of volcanic activity, and the 
typical asthenospheric 3He/4He isotope signature, there is little evidence from the 
volcanic record to support the idea that there is a mantle plume beneath central Mongolia 
(Courtillot et al., 2003; Barry et al., 2007). Another characteristic that central Mongolia 
exhibits that is sometimes attributed to the presence of a plume is a large buoyancy flux, 
in that the Hangay Mountains are a broad domal intraplate area of high elevation. 
However, new evidence from a recent seismic deployment suggests that the high 
topography in the Hangay is isostatically supported by thick crust (Stachnik et al., 2013). 
Additionally the low incision rates may suggest that there has not been significant uplift 
during the Cenozoic. Together, these findings suggest the mountains are not dynamically 
supported by a hot plume head.  
 
Geochemical evidence suggests that the volcanic rocks were derived by low degrees of 
partial melting at a depth of 62 km or greater. If not generated by a mantle plume, other 
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processes must be invoked to explain the deeply sourced volcanism. Previous 
geochemical work suggested that the volcanic rocks could have been generated by 
lithospheric delamination, mantle upwelling, or melting induced by the buildup of heat in 
the mantle from thermal blanketing by the lithosphere (Barry and Kent, 1998; Barry et 
al., 2003; Hunt et al., 2008; Hunt et al., 2012). Our data does not conclusively constrain 
the origin of the volcanism, but the spatial and temporal patterns we determined are 
useful in helping to evaluate previously proposed mechanisms. Thermal blanketing was 
not favored by Hunt et al. (2012) because it would likely be a regional scale process that 
produces a synchronous pulse of volcanism across the region. Early geochronology 
showed this was not the case, and our additional dating results have confirmed there is no 
widespread synchronous pulse of volcanism.  Hunt et al. (2012) suggested two alternative 
models to explain the volcanism, delamination or mantle upwelling. In both models the 
earliest phase of volcanism occurs in the central Hangay then propagates towards the 
flanks as thermal erosion progresses. Our data show nearly the opposite spatial pattern, as 
the oldest flows (25-35 Ma) are located to the south and north of the Hangay dome on its 
flanks.  Flows erupted during the most voluminous phase of volcanism (5-25 Ma) are 
wide spread and occur on and off of the dome, and the youngest phase of volcanism (0-5 
Ma) occurs both on and off the dome. This pattern does not unequivocally rule out either 
scenario, though delamination seems less likely because it should produce a large pulse 
of volcanism that occurs coevally with rapid uplift (Kay and Mahlburg Kay, 1993; 
Anderson, 2005). Instead the peak in volcanism is quite broad in time and a considerable 
portion of the uplift may predate the volcanism.  
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A broad mantle upwelling may be the most favorable mechanism to explain the 
volcanism in the area as it would likely be a long-lived process that could generate the 
spatial and temporal patterns of volcanism we observe. Recent seismological 
investigations have indicated there may be a warm upwelling beneath central Mongolia 
that originates at the transition zone (Koulakov and Bushenkova, 2010; Chen et al., 
2015). A mantle upwelling in this region could be the result of several different processes 
including edge-driven convection, redirection of asthenospheric flow by the thick 
lithosphere of the Siberian craton to the north, shear driven upwelling, or melting related 
to flat slab subduction. In the edge-driven convection model, the cold Siberian craton 
could cause mantle material to be cooled, forming the down welling limb of a small-scale 
convection cell. The upwelling limb of the convection cell is generally located ~600-
1000km away, where reheated material returns to the upper mantle (King, 2007). 
Alternatively, the thick Siberian craton could act as a barrier to asthenospheric flow 
potentially deflecting the background mantle flow causing upwelling (Barruol et al., 
2008). The relatively thinner lithosphere of Mongolia compared to that of the Siberian 
craton could also create a situation where asthenospheric flow from beneath the Siberian 
craton would undergo decompression melting as it ascends into the thinner Mongolian 
lithosphere (Lebedev et al., 2006). An alternative mechanism to explain a mantle 
upwelling in the area is shear-driven upwelling, a process where viscosity heterogeneities 
in the asthenosphere or lithosphere can create circulation from the lateral shear of the 
lithosphere, which then could generate upwelling and decompression melting in the area 
(Conrad et al., 2010). Another possible mechanism to explain a mantle upwelling in the 
region is interaction of the overlying mantle with Pacific flat-slab subduction or the relic 
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Mongol-Okhostsk slab which could bring fertile material into the mantle or cause slab 
edge-driven return flow (Chen et al., 2015). 
 
 
Conclusions 
 
Our data are in good agreement with prior studies suggesting that a diffuse mantle 
upwelling may be the primary mechanism that generates the Cenozoic volcanism in 
central Mongolia. Despite the considerable body of available geochronological, 
geochemical and seismological data, more work is clearly needed to determine the cause 
of the mantle upwelling beneath central Mongolia. Additional surface rock and lower-
crustal xenolith thermochronology will help determine the cooling history of the region 
and hopefully help elucidate the timing of formation of the high topography and its 
relation to Cenozoic volcanism. Additional isotope geochemical work on Cenozoic 
volcanic rocks is also needed to determine the role of crustal assimilation and 
contributions of metasomatized lithospheric material in the melts. A current deployment 
of seismic stations in central Mongolia could provide the resolution needed to better 
characterize the mantle upwelling and structures beneath central Mongolia (Stachnik et 
al., 2013; Souza et al., 2014). Ultimately, our improved understanding of the role of a 
mantle upwelling on volcanism and uplift in the Hangay region can be applied to help 
explain other anomalous regions of intraplate volcanism and uplift around the world.   
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Chapter Abstract  
 
Cenozoic volcanic rocks in central Mongolia range in age from ~33 Ma to ~5 Ka and 
have a total volume between 1500 and 3000 km3 spanning an area from the Valley of 
Lakes to Lake Hovsgol. Total alkali versus silica classification of the rocks show they are 
primarily alkaline with compositions spanning trachybasalt, basaltic trachyandesite, 
trachyandesite, phonotepherite and tephrite basanite. The Cenozoic volcanic rocks in the 
region all have similar trace-element characteristics with enrichments in highly 
incompatible trace elements and exhibit primitive-mantle normalized trace-element 
patterns similar to ocean island basalt (OIB). The 187Os/188Os of the volcanic rocks show 
a wide range from 0.136 to 2.11 indicating some samples experienced little to no crustal 
contamination, while samples with more radiogenic Os may have assimilated some 
amount of crustal material. Most samples with elevated 187Os/188Os can be explained by 
mixing with less than 10% of lower crustal material or less than 3% of Precambrian 
crustal material, which does not significantly alter the Sr, Nd, Hf and Pb isotopic systems 
in most of the contaminated samples. The Sr (87Sr/86Sr 0.7038-0.7051), Nd (εNd -12.4-
1.8), Hf (εHf 9.3- 11.7) and Pb ratios (206Pb/204Pb 17.18-18.36, 207Pb/204Pb 15.41-15.54, 
208Pb/204Pb 37.30-38.33) suggest that the samples form trends between prevalent mantle 
(PREMA) and enriched mantle (EMI) sources. The PREMA and EMI composition of the 
volcanic rocks is similar to other Cenozoic basalts from east Asia, though it is markedly 
different from the depleted MORB mantle (DMM) isotopic signature of the lithospheric 
mantle in Mongolia. This finding suggests the Cenozoic volcanic rocks must be derived 
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from a sub-lithospheric source. We favor a mantle upwelling beneath the region though 
the specific cause can not be identified by geochemistry alone.   
 
 
Introduction  
 
While volcanism at plate boundaries is generally well explained and predicted by plate 
tectonic theory, explanations for mid-plate volcanism remain contentious. Although the 
venerable plume explanation (Wilson, 1963; Morgan, 1971) for intraplate volcanism is 
still strongly supported in some settings, many new ideas have emerged that do not 
require a deep mantle plume to be the cause of every example of intraplate hot-spot like 
volcanism. These new ideas instead suggest that melting anomalies arise from more 
shallow processes ultimately driven by plate tectonics (Foulger, 2010). More work is 
needed to improve our understanding of the geodynamic processes that cause intraplate 
melting anomalies and ultimately shape major portions of Earth’s surface. The plate 
versus plume debate is certainly relevant to the Cenozoic volcanic rocks in East Asia, 
where various studies have attributed their origins to both mantle plumes and a host of 
other shallower tectonic processes that can give rise to hot-spot like volcanism (Barry et 
al., 2007; Savatenkov et al., 2010; Yarmolyuk et al., 2011; Hunt et al., 2012).  
 
Cenozoic intraplate volcanism is common throughout much of East Asia, stretching from 
southern Siberia through Mongolia and into central China (Whitford-Stark, 1987; 
Yarmolyuk et al., 2011). The Cenozoic volcanic rocks in central Mongolia range in age 
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from Holocene to ~30 Ma and are contained in many widespread fields with a total 
volume of ~1500 km3 (see Chapter One). The pre-erosional volume of the rocks may 
have been as high as ~3000 km3 (see Chapter One). With the exception of some fields 
west of Lake Baikal in Siberia, the volcanic rocks in central Mongolia are the furthest 
from any active plate boundary. In central Mongolia these rocks were erupted on the 
high-elevation, low-relief surface of the Hangay mountains and the greater Mongolian 
plateau, which now sit at elevations exceeding 3000 m in some locations. The high 
topography in this region is supported by a thick crustal section that ranges from 45 to 55 
km thick (Stachnik et al., 2013). The relationship between the high elevations of the 
Hangay and the production of the Cenozoic volcanic rocks is not clear. Given the low 
total volume of the volcanic system and the thick crust in the area, the observation that 
volcanism has been active on the landscape for over 30 Ma is somewhat surprising.   
 
Here we focus on investigating the origin of the Cenozoic volcanic rocks in central 
Mongolia by integrating major element, trace element and isotope geochemistry on a 
suite of 48 volcanic rocks collected over a broad area (Figure 2.1). Previous studies have 
used major and trace element geochemistry along with Sr, Nd, Pb, Hf and He isotope 
geochemistry to determine the source of the Cenozoic volcanic rocks in the area, but 
there is still no clear consensus on the underlying cause of the volcanism (Barry et al., 
2003; Savatenkov et al., 2010; Hunt et al., 2012). These previous studies have measured 
similar isotopic ratios for the volcanic rocks and suggest that the samples form trends 
between BSE (bulk silicate earth), PREMA (prevalent mantle), EMI (enriched mantle 
isotope reservoir one) and EMII (enriched mantle isotope reservoir two) (Barry and Kent, 
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1998; Barry et al., 2003; Savatenkov et al., 2010; Yarmolyuk et al., 2011; Hunt et al., 
2012). Despite the similar results produced by these studies, competing hypotheses for 
the origin of the Cenozoic volcanism have emerged, including both deeply sourced 
mantle plumes and shallower tectonic processes including delamination, melting 
metasomatized mantle lithosphere, and shallow mantle upwelling (Yarmolyuk et al., 
2011; Hunt et al., 2012). We build upon these prior studies by taking a more regional 
sampling approach that spans a large spatial area and includes more complete temporal 
coverage. Unlike some previous studies, all of our geochemical samples have been dated 
using 40Ar/39Ar geochronology, to better track changes in composition and source over 
time. As in previous studies we use Sr, Nd, Pb and Hf isotopes as tracers to understand 
the source of the volcanic rocks, though we added the Os isotope system to help track 
crustal contamination of the basalts and its effect on the other isotope systems. Our new 
data help to better characterize the source of the volcanic rocks in central Mongolia in 
order to improve our understanding of the cause of this example of intraplate volcanism.     
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Figure 2.1. Digital elevation map of central Mongolia showing all sample locations. 
Samples referred to as being from the Hangay region are shown as purple 
diamonds, while samples from northern Mongolia are shown as blue squares. The 
Tariat Xenolith locality is shown with the green circle. Cenozoic basalts are shown 
in red from the geologic map of Tomurtogoo (1999). Mongolia is highlighted in 
black in the inset world view on the right.    
 
 
Geologic Setting 
 
The Cenozoic volcanic rocks in central Mongolia span several different tectonic regimes, 
from the transpressional mountain range of the Gobi Altai in the south, through the thick 
ridged crust of the Hangay mountains, to the Hovsgol rift in the north. Deformation in the 
Gobi and Mongolian Altai likely began as early as the Paleozoic as a result of convergent 
 58  
margin processes (Lamb et al., 2008). Older structures in the Altai were likely reactivated 
in the Cenozoic during transpressional mountain building associated with far-field effects 
of the India-Asia collision (Tapponnier and Molnar, 1979; Cunningham, 2005; 
Cunningham, 2010). The Gobi Altai contains Paleozoic granitoids, sedimentary and 
metamorphic basement rocks, and overlying sparse volcanic rocks ranging in age from 
25-35 Ma (Lamb et al., 2008). The Hangay region of central Mongolia is sometimes 
referred to as a ridged passive indenter, which is underlain by Precambrian basement 
rocks (Cunningham, 2001). The mountains are an anomalously  uplifted continental 
interior with peaks of nearly 4000 m that are isostatically compensated by a ~55 km thick 
crust (Stachnik et al., 2013). Predominant basement rock types in the Hangay include 
schist, gneiss and quartzite, which are locally intruded by Phanerozoic granitic batholiths 
and overlain by volcanic rocks ranging in age from 0-33 Ma (Jahn et al., 2004). North of 
the Hangay, the Cenozoic volcanic rocks ranging in age from 5-25 Ma extend into the 
Hovsgol rift zone (HRZ). The HRZ is the southern extension of the Baikal rift zone 
(BRZ) and likely formed within the last 7 Ma (Ivanov and Demonterova, 2009). 
Basement rocks around the HRZ consist of Paleozoic granites, Cambrian carbonates and 
Precambrian and Paleozoic metamorphic terrains (Ivanov and Demonterova, 2009). Most 
of the basement rocks discussed above are primarily allochthonous terranes and island 
arcs that were amalgamated along the southern margin of the Siberian Craton during the 
Paleozoic during the formation of the Central Asian Orogenic Belt (CAOB) (Kelty et al., 
2008; Lehmann et al., 2010). 
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Previous Geochemical Results 
 
Several studies have used ratios of lithophile radiogenic isotopes (Sr, Nd, Pb and Hf) to 
examine the source of the Hangay basalts and xenoliths (Barry and Kent, 1998; Barry et 
al., 2003; Savatenkov et al., 2010). Despite markedly similar data, these studies came to 
widely different conclusions as to what caused volcanism in the Hangay region. The 
studies found that the volcanic rocks formed trends in isotope composition between bulk 
silicate earth (BSE), prevalent mantle (PREMA), enriched mantle reservoir one (EMI) 
and enriched mantle reservoir two (EMII). Barry et al. (2003) suggested that the BSE end 
member could be explained by an asthenospheric component while the EM1 and EMII 
components could be explained by a mobilized ancient lithospheric mantle that has 
undergone metasomatism. Despite the noble gas evidence (Barry et al., 2007) that 
suggests there has been no involvement of primordial material in Mongolian basalt 
petrogenesis, Savatenkov et al. (2010) still suggest the volcanism derives from melting of 
a rising plume from the deep mantle. Savatenkov et al. (2010) suggests there is no 
lithospheric component in the melts, instead the PREMA component is derived from the 
lower mantle and the EMI and EMII components are derived from the deep plume 
melting an Archean age subducted slab in the lower mantle. Even though these recent 
studies have produced interesting interpretations, the source of the melts in the region has 
remained ambiguous.   
 
Previous studies of the basalts that use rare earth element inversion modeling to 
determine the depth of melting for the lavas suggest that most of the melting took place at 
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sublithospheric depths. REE inversion modeling by Barry et al. (2003), suggested up to 
12% melting in a column from 150 to 90 km depth, with no indication of systematic 
variation in melting conditions over time. Later modeling by Chuvashova et al. (2007) 
suggested Tariat magmas originated as 1.5-5% partial melts of mantle with 3-5% garnet 
in an isotopically homogeneous asthenospheric source (based on Sr-isotopes). Similar to 
previous workers, Hunt et al. (2012) interpret LREE enrichment relative to HREE to 
reflect the presence of garnet in the mantle source. Based on La/Yb vs. Dy/Yb trends, the 
older Tariat magmas may have been derived by 4% partial melting at ~90 km, and an 
Orkhon magma may have been generated by 2-4% decompression melting from the 
garnet field into the spinel field (Hunt et al., 2012). Basaltic volcanism in the central 
Hangay appears to have been generated at a depth of 62 km or greater from 2-5% melts 
of garnet lherzolite source (see Chapter One). The depth of melting in the HRZ is similar 
to that in the Hangay, with low degrees of partial melting from a garnet lherzolite source 
at 65 km depth or greater (Zuza, 2011).   
 
 
Methods  
 
Sample Collection and Processing  
Samples were collected in central and northern Mongolia from sequences of flows that 
ranged in thickness from a few meters up to ~750 meters. All samples were previously 
dated by whole-rock 40Ar/39Ar geochronology and their position in the stratigraphic 
sequences was noted. For a detailed description of the field sampling, 40Ar/39Ar 
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geochronology methods and stratigraphic relationships of the volcanic rocks the reader is 
referred to Chapter One of this dissertation. Samples were selected to provide both wide 
spatial and temporal coverage. Samples that did not have fresh internal surfaces were not 
used.  
 
Hand samples were cut with a slab saw to remove weathering rinds then broken into 
smaller pieces using a steel hammer. Samples were then fed through a jaw crusher with 
agate crushing surfaces. Chips were inspected and any calcified vesicles, phenocrysts, 
and alteration products were removed. Following inspection, ~50 grams of clean chips 
were ground into fine powders in an aluminum-oxide puck mill for 30 minutes. Both the 
jaw crusher and puck mill were cleaned between each use by rinsing with deionized 
water, crushing quartz, and then rinsing again with deionized water. Once dry, both the 
jaw crusher and the puck mill were pre-contaminated with the next sample to be crushed. 
The pre-contamination sample material was discarded before the sample was loaded. 
Powdered samples were then split and half the material was sent to the Washington State 
University’s GeoAnalytical Lab for analysis.  
 
Major and Trace Element Geochemistry  
Major and trace element analyses were carried out at WSU GeoAnalytical lab. Major 
elements were analyzed using the Li-tetraborate fused bead technique on a Thermo-ARL 
automated X-ray fluorescence spectrometer (XRF). Additional details on the procedure 
and precision and accuracy of the XRF method can be found in Johnson et al. (1999). 
Trace elements were analyzed by inductively coupled plasma-mass spectrometry (ICP-
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MS) using a low-dilution fusion with di-Lithium tetraborate followed by an open-vial 
mixed acid digestion. For additional info on the ICP-MS method and precision see 
Heinonen and Luttinen (2008).   
 
Sr, Nd, Hf and Pb Chemistry  
Dissolution, chemistry, and isotopic analyses were performed at the Department of 
Terrestrial Magnetism (DTM) at the Carnegie Institution for Science in Washington, DC. 
Approximately 50 mg of powdered sample material was used for Sr, Nd, Hf, and Pb 
analysis. Powders were dissolved in a mixture concentrated HF and HNO3 in a volume 
ratio of approximately 2:1 in capped Savillex PFA beakers. Beakers were placed on a hot 
plate and under a heat lamp overnight. The solution was evaporated till samples were dry, 
then 1 mL of concentrated HNO3 was added and samples were dried again, this process 
was repeated a second time. Once samples were dry, 0.5 ml of concentrated HCl was 
added and samples were dried again. Approximately 4 mL of 4 M HCl was added to the 
sample to break up insoluble fluorides. The sample solutions were capped and placed on 
a hotplate for ~2 hours before they were evaporated to dryness. Samples were then dried 
after adding 0.5 mL 0.5 M HBr, then dried again after 0.5 mL of concentrated HBr was 
added. The samples were not spiked for isotope dilution analysis. 
 
To prepare samples for Pb separation chemistry, the dried samples were dissolved in 3 
mL of 0.5 M HBr. Each sample solution was loaded on a 0.04 ml column containing 
cleaned AG1-X8 anion-exchange resin. Pb in the sample forms a complex of PbBr62- in 
the presence Br- ions in the solutions. As a result, the Pb is retained by the resin while 
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other cations were able to pass through the column and be collected. The Pb was released 
from the resin by breaking the PbBr62- complex with the addition of 0.5 M HNO3. The Pb 
sample fraction in HNO3 was dried down prior to loading on the column for a second 
pass to purify the Pb separate. The Pb fractions were retained for mass spectrometry. The 
HBr cuts with the remaining cations (containing Sr, Nd, and Hf) were dried down, then 
~0.5 mL of Milli-Q water and several drops of concentrated HNO3 were added to drive 
off any remaining bromine. Once dry, samples were re-dissolved in a few drops of 
concentrated HCl that was then diluted to ~1 N by adding Milli-Q water to the sample 
beaker.  
 
Sample cuts containing Sr, Nd, and Hf were dissolved in 5ml 0.1 N HF-1 N HCl by 
heating on a hot plate for ~1 hour and centrifuged to separate any solid material. The 5ml 
0.1 N HF-1 N HCl sample solutions were loaded on a 20 cm tall 6 mm internal diameter 
primary column with cleaned and pre-conditioned 200-400 mesh AG 50Wx8 resin. Acids 
added to the columns after sample loading included, in sequence, 0.1 N HF-1N HCl (0-10 
ml), 2.5 N HCl (10-54 ml), and 4 N HCl (54-82 ml). Hf was eluted between 0 and 10 ml 
in 5 mL 0.1N HF-1N HCl, Sr was eluted between 40 and 54 mL in 2.5 N HCl, and Nd 
was eluted between 66 and 82 mL in 4 N HCl. Sample fractions of Sr, Nd, and Hf were 
dried down under a heat lamp. A drop of concentrated HNO3 was added to the Sr and Nd 
fractions once dry then dried again. Three drops of HClO4 were added to the Hf fraction 
prior to drying, and once dry, 6 drops of concentrated HCl was added to the sample twice 
and dried.  
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Following the procedure described by Munker et al. (2001), the Hf fractions were passed 
through 3.8 cm long by 0.6 cm diameter columns with 100-150 µm Eichrom LN resin 
that was equilibrated with 5 ml of 2.5 M HCl. Samples were loaded on the columns in 5 
ml of 2.5 M HCl. The matrix was then rinsed with 10 ml of 2.5 M HCl followed by 10 ml 
of 6 M HCl. The HCl was washed out of the column with 4 ml of Milli-Q water followed 
by removal of Ti by adding 60 ml of 0.09 M HCit–0.45 M HNO3-1wt.% H2O2 in steps of 
10, 10, and 40 ml. The H2O2 was removed by adding 5 ml of 0.09M HCit–0.45M HNO3 
to the column. Columns were then rinsed with 20 ml of 6 M HCl-0.06 M HF to remove 
Zr. Finally, Hf was eluted and collected in 8 ml of 6 M HCl-0.4 M HF.  
 
The Sr fractions were dissolved in 1.5 ml of 2 M HNO3 and loaded on to teflon shrink 
tubing columns with 0.25 ml resin beds filled with Eichrom Sr resin that was previously 
cleaned and equilibrated. Samples were rinsed twice with 1.5 ml of 2 M HNO3 and once 
with 1 ml of 2 M HNO3 before collecting Sr in 2 ml of 0.05 M HNO3. The Sr cut was 
then dried down and retained for mass spectrometry.  
 
To separate Sm and other REEs from the Nd fractions, samples were loaded on 20 by 0.2 
cm quartz columns with 200-400 mesh AG50-X8 cation exchange resin in NH4+ form 
that was equilibrated with methyllactic acid (α-hydroxy isobutyric acid) at a pH of 4.7. 
Methyllactic acid was passed through the columns under ~1 psi of N2 gas pressure and 
the Nd cut was taken at the appropriate calibrated amount, which varied depending on the 
batch of methyllactic acid used. The Nd cuts were then dried down and refluxed with two 
drops of concentrated HNO3 before they were dissolved in 0.2 ml of 0.175 M HCl. The 
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samples were then loaded on 7.2 cm by 4 mm columns with 50-100 micron Eichrom LN 
resin that was pre-conditioned in 3 ml of 0.175 M HCl. Once loaded, samples were rinsed 
twice with 0.25 ml of 0.175 M HCl, then once with 9 ml of 0.175 M HCl to remove La 
and Ce, and finally Nd was collected in 10 ml of 0.175 M HCl. The Nd fraction was dried 
and refluxed with one drop of concentrated HNO3.  
 
Re-Os Chemistry  
Samples were digested for Re-Os isotopic analysis using the Carius tube method (Shirey 
and Walker, 1995). Approximately 2 grams of sample powder was added to Pyrex Carius 
tubes along with spike solutions containing known amounts of 185Re and 190Os. HCl was 
added to the Carius tube and then frozen with a methanol-dry ice slush, prior to the 
addition of Nitric acid purged of Os in a molar ratio of ~3:1 to form aqua regia. While the 
solution was frozen, the Carius tubes were welded shut. Once thawed, the solution was 
mixed by agitating the tubes before placing them in an oven at 240°C for a minimum of 
36 hours. The tubes were again frozen in a methanol-dry ice slush before they were 
opened and poured into 50 ml centrifuge tubes. Three milliliters of CCl4 was added to the 
solution in the centrifuge tubes and agitated.  Once settled, the CCl4 was removed and 
added to a 15 ml Savillex beaker that contained 4 ml of concentrated HBr. This process 
was repeated two additional times till there were 9 ml of CCl4 in the beaker with the HBr. 
The HBr- CCl4 mixtures were agitated for ~1 minute before they were allowed to settle 
for ~2 hours. The CCl4 was removed from the beakers and discarded before the 
remaining HBr was dried down to a small drop and transferred to the lid of a conical vial. 
The drop of HBr was mixed with 30 µl H2SO4-CrO3 on the lid of the vials and 20 µl of 
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concentrated HBr was added into the cone of the vials. Sealed vials were heated on an 
80°C hotplate for 2 hours to distill Os from the H2SO4-CrO3 (e.g. Roy-Barman and 
Allegre, 1994). The HBr in the cone of the vials was dried down till 1-2 µl remained and 
then was retained for mass spectrometry. The remaining aqua regia containing Re was 
dried down and dissolved in 10 ml of 1 N HCl. A 5 ml portion of the Re cut in HCl was 
passed through 1 ml of cleaned AG-1 X8 resin in a Teflon shrink wrap column.  After 10 
ml of 1 N HCl, 2 ml of 0.8 N HNO3 and 2 ml of 4 N HNO3 were eluted, the Re cut was 
collected in 10 ml of 4 N HNO3 in a 15 ml Savillex vial and dried down. The Re cuts 
were then loaded in 0.5 ml of 1 N HCl on Teflon shrink wrap columns filled with 0.1 ml 
of anion resin. The matrix was washed with two steps of 0.5 ml of 1 N HCl, two steps of 
0.5 ml of 0.8N HNO3, and was then collected in two steps of 1 ml of 8N HNO3. The Re 
cut was then dried and saved for mass spectrometry.  
 
Mass Spectrometry   
All isotopic compositions presented in tables and figures below were measured at the 
Department of Terrestrial Magnetism (DTM) at the Carnegie Institution for Science in 
Washington, DC.   Sr, Nd and Os were measured by thermal ionization mass 
spectrometry (TIMS) on a Thermo-Fisher Triton instrument. Strontium samples were 
loaded on single Re filaments and analyzed statically in P-TIMS (positive ion) mode. All 
isotopes of Sr and 85Rb were measured on faraday cups with 88Sr signal sizes typically 
near 10-10 amps. Correction for instrumental mass fractionation was done using the 
exponential law and 86Sr/88Sr = 0.1194. 85Rb/86Sr was typically < 10-5. Strontium isotope 
data are reported relative to 87Sr/86Sr = 0.71025 for the NBS-987 standard, which was 
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analyzed before and after every five samples. The average value measured for the NBS-
987 standard was 87Sr/86Sr = 0.710248 ± 0.000015.  
 
The Nd samples were loaded onto double Re filaments and analyzed statically in P-TIMS 
mode. All isotopes of Nd, 140Ce and 147Sm were analyzed using the multiple faraday cup 
collectors with 145Nd signal sizes typically near 10-11 amps.  Mass fractionation correction 
was done using the exponential law and a value of 146Nd/144Nd = 0.7219.  The data were 
corrected for Sm interference, although typical 147Sm/146Nd were <10-5. All Nd data 
presented here are reported relative to a value of 143Nd/144Nd = 0.512115 for the JNdi 
standard (Tanaka et al., 2000), which was run every five samples. The average value 
measured for the JNdi standard was 143Nd/144Nd = 0.512113 ± 0.000007.  
 
The Os samples were loaded on single Pt filaments and coated with Ba(OH)2. Samples 
were run in N-TIMS (negative ion) mode as OsO3- and analyzed by peak-hopping using a 
single electron multiplier.  Data were fractionation corrected to 192Os/188Os = 3.083 using 
the exponential law.  Data are corrected for minor Re interference. All samples are 
reported relative to the internal DTM Johnson Matthey Os standard, which was analyzed 
before and after a maximum of every five samples.  The average value measured for this 
standard during the course of these sample analyses was 187Os/188Os = 0.173827 ± 
0.000046. Initial Os isotopic ratios were calculated using the whole-rock 40Ar/39Ar age 
for the sample.    
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Isotopic compositions of Pb and Hf were determined on a Nu Instruments Plasma HR 
multiple-collector ICP-MS. Both Pb and Hf samples were introduced into the mass 
spectrometer using a DSN-100 nebulizer. Prior to analysis, the Pb samples were doped 
with thallium to correct for mass bias. Isotopes of Pb and Tl were measured statically 
using the multiple faraday cup collectors on the instrument. Signal sizes for Pb were 
typically 208Pb > 10-11 amps. The Pb standard NBS 981 was measured before and after 
every four or fewer samples to serve as an additional monitor and correction for mass 
fractionation, with average measured ratios of 206Pb/204Pb =16.930 ± 0.003, 207Pb/204Pb = 
15.482 ± 0.006, and 208Pb/204Pb = 36.675 ± 0.018. Isotopic compositions of Hf were also 
measured statically using the faraday cup collectors on the Nu HR. In addition to 
measuring all isotopes of Hf, interferences from Yb, Lu, Ta and W were also measured 
and corrected for. Signal sizes for Hf were typically 178Hf > 10-11 amps. Hf isotopic 
compositions were corrected for instrumental mass fractionation using the exponential 
law and a value of 0.7325 for 179Hf/177Hf.  The Hf data are reported relative to a value of 
176Hf/177Hf = 0.282160 for the JMC 475 standard that was used to bracket sample runs. 
The average value measured for this standard during the analytical sessions used for 
sample analysis was 176Hf/177Hf = 0.282142 ± 0.000004. Isotopic compositions of Re 
were determined using a Thermo iCAP-Q ICP-MS. The isotopic compositions of Re 
were used to determine the Re concentration by isotope dilution.   
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Results  
 
Major and Trace Elements  
All major and trace element data are presented in supplemental Table S4. The volcanic 
rocks of the Hangay region are mafic alkaline rocks primarily ranging from trachybasalt 
to trachyandesite (Figure 2.2). Cenozoic volcanic rocks in northern Mongolia are also 
primarily alkaline and range to higher alkali and higher silica concentrations than the 
Hangay rocks. Volcanic rock types in northern Mongolia include trachybasalt, basaltic 
trachyandesite, trachyandesite, phonotepherite and tephrite basanite (Figure 2.2). The Mg 
number (molar ratio of Mg/Mg+Fe) of the rocks in the Hangay region ranges between 65 
and 45, whereas rocks from northern Mongolia exhibit a wider range of Mg numbers 
from 65 down to nearly 30 for more evolved lavas. Evolved lavas have the highest K2O 
concentration that range from 5% to as low as 0.5% for the less evolved Hangay lavas.  
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Figure 2.2. Total alkaline vs Silicates with rock names. Purple diamonds shows the 
samples from the Hangay while the blue squares show samples from northern 
Mongolia.   
 
Primitive mantle normalized trace element diagrams for most volcanic localities in the 
region show enrichment in highly incompatible trace elements and exhibit primitive-
mantle normalized trace-element patterns similar to ocean island basalt (OIB). The trace-
element data for the samples studied here are similar to the patterns observed in all prior 
studies of Cenozoic lavas from the region (Barry and Kent, 1998; Barry et al., 2003; 
Savatenkov et al., 2010; Hunt et al., 2012). Most of the basalts show enrichment in large 
ion lithophile elements (LILE) and light rare earth elements (LREE) relative to the heavy 
rare earth elements (HREE), but no abundance anomalies in the high-field strength 
elements (HFSE), for example Nb or Ta. (Figure 2.3). Samples from the Hangay region 
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show slightly positive Pb and Ba anomalies, while samples from northern Mongolia near 
Hovsgol, Darkhad, Hanui and Orkhon show no Pb or Ba anomalies when normalized to 
the recommended primitive mantle normalizing values (Sun and McDonough, 1989).     
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Figure 2.3. Primitive mantle normalized trace-element diagrams for the volcanic 
rocks. Upper panel with purple diamonds shows the samples from the Hangay while 
the lower panel with blue squares shows samples from northern Mongolia. Both 
sample sets show similar trends with patterns resembling ocean island basalts.   
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Isotope Variations 
The Os isotopic data presented here have been age corrected using the whole-rock 
40Ar/39Ar age for the sample and the measured Re/Os. All isotopic data are presented in 
Table 2.1. Concentrations of Os are generally low in most samples, ranging from 2 ppt to 
95 ppt for the Hangay volcanic rocks and 1 ppt to 114 ppt for the volcanic rocks from 
Northern Mongolia (Figure 2.4). The initial 187Os/188Os of the samples ranges from 0.136 
to 0.675 and 0.142 to 2.11 for the volcanic rocks from the Hangay region and Northern 
Mongolia, respectably. No correlation between age of the volcanic rocks and initial 
187Os/188Os is apparent for either volcanic rocks from the Hangay or from Northern 
Mongolia.   
 
Figure 2.4. Concentration of Os vs 187Os/188Os for all samples with measured Os. 
Purple diamonds shows the samples from the Hangay while the blue squares show 
samples from northern Mongolia.  
 
 74  
The 87Sr/86Sr presented in Table 2.1 have been age corrected to initial ratios. Given the 
young age of the samples and their low Rb/Sr this correction is minimal. The volcanic 
rocks from the Hangay region show a wider range of 87Sr/86Sr from 0.7038 to 0.7053 than 
the more restricted range of 0.7039 to 0.7048 measured in the volcanic rocks from 
northern Mongolia. Slight trends towards more radiogenic 87Sr/86Sr with decreasing age 
that were observed in a prior study by Hunt et. al. (2012) may be more localized 
phenomena as they are not present in our broader dataset. No strong spatial or temporal 
trends are apparent in the 87Sr/86Sr for either volcanic rocks of the Hangay or northern 
Mongolia. The volcanic rocks in northern Mongolia show a weak trend to less radiogenic 
ratios with decreasing eruptive age. The young (<5 Ma) volcanic rocks in the Hangay 
exhibit a wide range of ratios (nearly the range of the entire dataset), with the highest 
ratios measured from rocks in the Orkhon Valley and lowest from rocks in the central 
Hangay near Egiin Davaa.  
 
The 143Nd/144Nd and εNd values presented in Table 2.1 have been age corrected. Both 
samples from the Hangay region and Northern Mongolia exhibit a very wide range of Nd 
isotopic compositions ranging from εNd values of -12.3 to 2.0 and -12.1 to 4.0, 
respectably. The majority of the samples have εNd values greater than -8, with the 
exception of one sample from the eastern Hangay region near the headwaters of the 
Orkon river and four samples all collected in Northern Mongolia near Khalban. No 
significant correlation between Nd isotopic composition and age is apparent in the data. 
With the exception of the samples from Khalban, there is no significant spatial trend in 
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Nd isotopic compositions, with considerable overlap between samples from the Hangay 
and Northern Mongolia.   
 
 
Figure 2.5. Isotope variation vs age. Purple diamonds shows the samples from the 
Hangay while the blue squares show samples from northern Mongolia.   
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The 176Hf/177Hf isotope ratios presented in Table 2.1 have been age corrected. The εHf 
values range between -14.0 and 9.6 for the majority of the Hangay volcanic rocks. In 
northern Mongolia, the Hf isotopic composition of the volcanic rocks have a more 
restricted range between -5.2 and 9.0. There is considerable overlap between the Hf 
isotopic composition of the volcanic rocks from the Hangay and northern Mongolia. 
Similar to Nd, the most radiogenic Hf isotope ratios are from rocks near Khalban in 
northern Mongolia and near the headwaters of the Orkon in the eastern Hangay. No 
significant spatial or temporal trends are apparent in the Hf isotope data.  
 
All Pb isotope data presented in Table 2.1 has been age corrected. For the Hangay 
volcanic rocks, 206Pb/204Pb ranges from 17.17 to 18.35, 207Pb/204Pb from 15.45 to 15.52 
and 208Pb/204Pb from 37.29 to 38.31. In northern Mongolia the volcanic rocks have 
206Pb/204Pb ranges from 17.54 to 18.02, 207Pb/204Pb from 15.41 to 15.54 and 208Pb/204Pb 
from 37.39 to 37.98. On a plot of 206Pb/204Pb vs 207Pb/204Pb (Fig. 6), the Hangay volcanic 
rocks define a linear trend with an r2 of 0.872 and a slope of 0.0611 that would 
correspond to an age of 640 Ma if the correlation has any chronological significance.  
The volcanic rocks from northern Mongolia show only a poor correlation between 
206Pb/204Pb and 207Pb/204Pb. On plots of 206Pb/204Pb vs 207Pb/204Pb and 206Pb/204Pb vs 
208Pb/204Pb all of the samples plot considerably above the northern hemisphere reference 
line (NHRL) defined by oceanic basalts (Hart, 1984).     
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Figure 2.6. Plot of 206Pb/204Pb vs 207Pb/204Pb. Purple diamonds shows the samples 
from the Hangay while the blue squares show samples from northern Mongolia. The 
northern hemisphere reference line is shown in grey. The linear regression is shown 
for both sample groups.  
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Discussion 
 
Crustal Contamination  
Of the thirty-nine samples with measured Os isotopes ratios, seven have 187Os/188Os less 
than 0.15, approaching modern mantle values that are generally below 0.135 (e.g. Shirey 
and Walker, 1998). Given the low Os concentration of the Mongolian basalts, and the 
likely very radiogenic Os in the crustal basement, the basalt Os isotopic composition will 
be very sensitive to crustal contamination, such that 187Os/188Os below 0.15 limit the 
amount of crustal contamination to not more than about 1 to 2 wt%.  This amount of 
crustal contamination would have minimal effect on the Sr, Nd and Hf isotopic 
composition of these samples given their high Sr, Nd and Hf concentrations.  
 
The remaining samples have much more radiogenic 187Os/188Os up to 2.11 (though most 
are below 1.0) and likely experienced some degree of crustal contamination. The amount 
of crustal contamination experienced by the samples with elevated 187Os/188Os can be 
estimated using mixing models with a starting isotopic composition similar to the 
uncontaminated samples (187Os/188Os <0.15). The starting composition is then mixed 
with three potential crustal contaminants, each with different isotopic compositions, 
including an early Mesozoic to late Paleozoic lower crustal component that has been 
characterized through xenolith studies by Stosch et al. (1995) and in Chapter Three of 
this dissertation, the Phanerozoic granitoids associated with the CAOB characterized by 
Jahn et al. (2004), and the Precambrian basement rocks that likely make up much of the 
middle and upper crust (Cunningham, 2001). There is limited information on the Sr, Nd, 
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Hf and Pb isotopic composition of these crustal rocks and no data on their Os isotopic 
composition. As a result, we must infer a reasonable isotopic composition for these 
crustal contaminants for the mixing models based on limited existing data, the rock type 
and age of the rocks (Table 2.2).  
 
Table 2.2 Compositions for three crustal contaminants and two end-member 
primary magmas.  
 Upper Crust Lower Crust Precambrian Basalt 1 Basalt 2 
87Sr/86Sr  0.712 0.707 0.718 0.70385 0.7047 
Sr (ppm) 250 500 300 1000 1000 
εNd -8 -4 -15 3 -7.5 
Nd (ppm) 25 25 15 35 35 
206Pb/204Pb  18.5 17.45 17.2 18.5 17.58 
Pb (ppm) 12 8 8 3 3 
187Os/188Os  1.2 0.9 2.4 0.135 0.135 
Os (ppt) 50 60 100 10 10 
 
 
No strong trends exist between Sr, Nd, Hf and Pb isotopic composition and the Os 
isotopic composition. This suggests that the data do not define any single crustal 
contamination curve likely due to the fact that crustal contamination is a local process 
that affects individual melts differently and due to the heterogeneity of possible crustal 
contaminants. The crustal contamination models shown in Figure 2.7 and Figure 2.8 are 
useful to understand in general how much contamination could have occurred, and the 
potential effect on the Sr, Nd, Hf and Pb isotopic composition of erupted magmas. The 
curves in Figure 2.7 depict mixing between crustal contaminants and primary melts in Sr 
and Os isotope space, while Figure 2.8 shows mixing between the same crustal 
contaminants and primary melts in Pb and Os isotope space. Both figures show two 
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panels demonstrating the effect of mixing on primary magmas starting with 10 ppt and 50 
ppt Os. Mixing curves for primary magmas with 10 ppt Os fit most data better than 
mixing curves for primary magmas with 50 ppt Os. The majority of Hangay samples and 
some samples from northern Mongolia with elevated 187Os/188Os can be explained by 
contamination of less than 10% of lower crustal material. Samples with more radiogenic 
187Os/188Os (> 0.5), primarily those from northern Mongolia, can be explained with less 
than 5% contamination by Precambrian basement rocks. Mixing with upper-crustal rocks 
defined by Paleozoic granitoids is also possible, but would fail to explain weak trends 
toward unradiogenic Pb compositions for samples with elevated 187Os/188Os. For a 
primary magma with 10 ppt Os, 10% contamination by lower-crustal rocks would 
increase 87Sr/86Sr by 0.00016 and decrease 206Pb/204Pb by 0.13. For a primary magma 
with 10 ppt Os, 5% contamination by Precambrian rocks would increase 87Sr/86Sr by 
0.0005 and decrease 206Pb/204Pb by 0.09. Similar to Sr and Pb, low degrees of 
contamination have a minimal effect on the Hf and Nd isotope systems and do not 
significantly alter the isotopic composition in most samples. This finding is consistent 
with previous assimilation, fractionation and crystallization (AFC) modeling which 
suggested that crustal contamination was minimal and that the Sr, Nd and Hf ratios can 
be used to interpret the source of the volcanic rocks (Hunt et al., 2012).  
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Figure 2.7. Sr vs Os isotopic composition for all samples. Purple diamonds show 
Hangay samples while blue squares show northern Mongolia samples. Mixing 
curves between various crustal end-members are shown. Values for starting 
primary magmas and contaminants can be found in Table 2.2. The 10% and 25% 
contamination level is shown for all crustal end members. Upper panel shows curves 
for primary magmas with 10 ppt Os. Lower panel shows curves for primary 
 84  
magmas with 50 ppt Os. All other variables remain constant between upper and 
lower panels. 
 
 
Figure 2.8. Pb vs Os isotopic composition for all samples. Purple diamonds show 
Hangay samples while blue squares show northern Mongolia samples. Mixing 
curves between various crustal end-members are shown. Values for end-member 
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primary magmas and contaminants can be found in Table 2.2.  The starting 
206Pb/204Pb used for the more radiogenic mixing curve between primary magma and 
Precambrian crust was 18.1. The starting 206Pb/204Pb used for the less radiogenic 
mixing curve between primary magma and lower crust was 18.0. All other curves 
are defined by values in Table 2.2. The 10% and 25% contamination level is shown 
for contamination by the lower crust and Precambrian crust. Mixing with upper 
crust is likely unrealistic, so no ticks or mixing percentages are shown. Upper panel 
shows curves for primary magmas with 10 ppt Os. Lower panel shows curves for 
primary magmas with 50 ppt Os. All other variables remain constant between 
upper and lower panels.  
 
 
Mantle Source   
Given the low degrees of crustal contamination experienced by most samples, the 
measured isotopic compositions can be used to directly interpret the source of the 
intraplate volcanic rocks in central Mongolia. Volcanic rocks from the Hangay region 
and Northern Mongolia form trends between prevalent mantle (PREMA) and enriched 
mantle (EMI) type sources (Figure 2.9), which is consistent with previous studies in the 
area. This isotopic signature of the rocks is not unique to the region, but is somewhat 
similar to other widespread Cenozoic volcanic rocks that occur throughout East Asia. 
Most Cenozoic volcanic rocks from East Asia form trends between PREMA and EMII, 
and to a lesser extent from PREMA towards EMI. Crustal contamination of some 
samples in our study causes a slight shift in their isotopic composition, though as we 
noted above, this shift is minimal in the majority of samples. The minor shift resulting 
from contamination pulls the isotopic composition toward EMII-like isotopic signatures, 
not EMI (see red mixing curve in Figure 2.9). As a result, the trend in sample 
compositions toward EMI is likely the product of an EMI-like reservoir in the sub-
lithospheric mantle in the region. Previous studies suggested that isotopic compositions 
between PREMA and EMI could be the result of either mantle plume sourced volcanism, 
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melting of a metasomatized mantle lithosphere caused by either delamination or a small 
scale mantle upwelling, or from decompression melting from a focused mantle upwelling 
originating at the transition zone driven by interactions with subducted slabs (Barry et al., 
2003; Savatenkov et al., 2010; Yarmolyuk et al., 2011; Hunt et al., 2012; Chen et al., 
2015).  
 
 
Figure 2.9. Sr vs Nd isotopic composition with mantle fields of Zindler and Hart 
(1986) shown. Purple diamonds show Hangay samples while blue squares show 
northern Mongolia samples. Tariat mantle xenolith data from Carlson and Ionov 
(2014) is shown with green triangles. Field of other East Asian Cenozoic volcanic 
rocks shown by black dots from GEOROC - Geochemical Database. Red curve 
shows the effect of 0 to 25% contamination by a Precambrian crustal component on 
Basalt 1 from Table 2.2.    
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Identification of the melt source is a necessary step in understanding the causes of 
volcanism. Previous studies suggested that the lithospheric mantle may play a role in melt 
generation in the region (Hunt et al., 2012).  The lithospheric mantle in at least the Tariat 
area is sampled by a number of mantle xenolith bearing basalts (Ionov et al., 1994; 
Stosch et al., 1995; Ionov, 2007). The isotopic signature of the Tariat lithospheric mantle 
xenoliths is similar to modern mid-ocean ridge basalts and plots in depleted MORB 
mantle (DMM) isotope space (Figure 2.9). Melting of this DMM component cannot 
produce isotopic compositions observed in any of the basalt samples. There is xenolith 
evidence of a metasomatic component in the Mongolian mantle lithosphere that has 
distinctively different isotopic signatures compared to DMM-like xenoliths. There are 
melt pockets in some of the metasomatized Tariat mantle xenoliths that overlap in 
isotopic composition with the Cenozoic lavas (Ionov et al., 1994). These melt pockets are 
out of equilibrium with minerals in the xenoliths suggesting they formed just prior to 
entrainment in the host basalt. While the melt pockets are not a direct result of infiltration 
by the host basalt, they likely formed from metasomatic fluids directly related to 
Cenozoic volcanism and as a result should not be considered as reflecting a distinct melt 
source in the lithospheric mantle (Ionov et al., 1994). If not sourced from the lithospheric 
mantle, the Cenozoic basalts must be sourced from the asthenosphere or deeper.   
 
Previous studies suggested that shifts toward less radiogenic Pb and more radiogenic Sr 
for younger samples reflected a shift in melt source to the lithospheric mantle caused by 
delamination or a mantle upwelling (Hunt et al., 2012). Our more extensive dataset does 
not record a similar shift, with young samples (<5 Ma) spanning nearly the entire range 
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of isotopic compositions in the central Hangay and young samples in northern Mongolia 
showing a slight shift to less radiogenic Sr and no shift in Pb isotopes. The young 
samples in the Hangay region with more radiogenic Sr in our data set are often found in 
the eastern Hangay near the headwaters of the Orkhon River.  These samples have 
radiogenic Os isotope signatures suggesting some degree of crustal contamination 
occurred. As we demonstrated in the crustal contamination section above, crustal 
contamination could have caused the apparent slight shift in Sr and Pb isotopic signatures 
noted by previous studies. Samples of similar ages elsewhere in the Hangay record some 
of the least radiogenic Sr ratios in that dataset, making a shift in source unlikely. As 
previously mentioned, our isotopic data compared to xenolith isotopic signatures suggests 
melting is restricted to a sub-lithospheric source. We favor a sub-lithospheric melt source 
that is either somewhat heterogeneous in isotopic composition or incorporates several 
mantle components.          
 
Melt Genesis                  
Mantle plumes are another mechanism that can explain deeply sourced mid-plate 
volcanism. In central Mongolia, the majority of 3He/4He isotopic values measured from 
basalts are below 10 Ra, which suggests that there has been no involvement of a plume 
originating from a primordial mantle source (Barry et al., 2007; Zhukova et al., 2007). A 
maximum Ra value of 13 was measured from an olivine phenocryst in a basalt from the 
Orkhon area (Zhukova et al., 2007). This maximum value does not correspond to 
significantly higher values expected from a mantle plume (>15 Ra) (Class and Goldstein, 
2005). The moderate 3He/4He for the Hangay and southern Siberia region xenoliths and 
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basalts are similar to those of MORB (Anderson, 1998; Barry et al., 2007). Beyond high 
3He/4He, there is no geochemical signature that uniquely defines magmas derived from 
mantle plumes.  The Mongolian basalts show no depletion in HFSE relative to LIL 
elements of similar compatibility, but HFSE depletion is primarily associated with 
convergent margin magmas or magmas derived from mantle metasomatized with fluids 
released by subducting slabs.  Most intraplate oceanic basalts show no depletion in 
HFSE, even though they show a range in He isotopic compositions.   
 
Perhaps the strongest arguments against a role for a plume in this area are that the 
Cenozoic volcanism is small in volume, has occurred sporadically over more than 30 
million years, shows no obvious spatial migration with time, is predominantly composed 
of magmas produced by relatively low degrees of melting, and shows little evidence for a 
large buoyance flux in the form of dynamically supported topography (see Chapter One). 
The region fails to meet criteria generally considered indicative of magmatism induced 
by a mantle plume and as a result, a plume source seems unlikely (Courtillot et al., 2003).  
 
If volcanism in the region is not sourced from a large-scale deeply sourced mantle plume, 
shallower processes that can cause sub-lithospheric melting should be explored. While 
delamination has been proposed to explain intraplate volcanism in Mongolia, lack of a 
defined pulse of volcanism and coeval uplift provide little support for a delamination 
model (see Chapter One). Cenozoic volcanism across northern China, Mongolia and 
southern Siberia has somewhat similar isotopic compositions that may suggest it formed 
from a similar source and/or by similar process. Delamination of lithosphere is unlikely 
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to cause volcanism across such a wide area. The presence of small-scale mantle 
upwelling or multiple upwellings could explain volcanism in the region. The EMI and 
PREMA components of the source are not surprising. The EMI type component is 
generally explained as a mantle that incorporated altered oceanic crust and/or 
continentally derived sediments through subduction, which in Mongolia is a reasonable 
assertion given that the long history of subduction associated with the formation of the 
CAOB could have modified the mantle  (Zindler and Hart, 1986; Jahn et al., 2004). A 
PREMA component can be explained in several ways, the first being a primordial lower 
mantle component that has remained unaltered since differentiation of the silicate portion 
of the earth, or a well mixed upper mantle component that incorporates enriched mantle 
(EM), depleted MORB mantle (DMM) and high uranium mantle (HIMU) components 
producing an average mantle composition (Zindler and Hart, 1986). A primordial lower 
mantle source for the PREMA component in Mongolia seems unlikely given low 3He/4He 
for the volcanic rocks. Instead we favor melting from a well mixed upper mantle PREMA 
source. A mantle upwelling could tap both PREMA and EMI sources and produce long-
lived low-volume volcanism in the area.   
 
There are various models that explain production of a mantle upwelling that can be 
applied to the study area, though geochemical data alone cannot identify which of these 
processes may be operating. Edge driven convection can develop in the upper mantle 
adjacent to areas with thick lithosphere or cratonic keels that can cause cooling and/or act 
as barriers producing mantle downwelling and subsequent upwelling once reheated 
(King, 2007). The Siberian craton could allow development of an edge driven convection 
 91  
cell, though upwelling and related volcanism would likely be focused in an area 600 to 
1000 km away, which is somewhat farther than the distance between some of the 
Cenozoic volcanic fields and the edge of the Siberian craton. Shear in the asthenosphere 
can cause shear-driven upwelling if lateral viscosity heterogeneities or variations in 
lithospheric thickness are present (Conrad et al., 2010). Numerical modeling has shown 
shear driven upwelling can produce intraplate volcanism (Conrad et al., 2010).  
 
A mantle upwelling could also be caused by hydrous melting of material in or above the 
mantle transition zone (MTZ) as fluids are released from hydrated and altered subducted 
slabs. Mantle upwellings originating from fluids associated with subducted slabs in the 
MTZ have been used to explain the source of the Chifeng continental flood basalts in 
north China (Wang et al., 2015) and for EMI like intraplate volcanism in SE China (Li et 
al., 2015). The inferred edge of the stagnated Pacific flat slab may not reach as far as 
central Mongolia though there may be remnants of the Mongol-Okhotsk slab in the MTZ 
beneath the study area that could generate melting (Chen et al., 2015). Slab-residence 
time as well as phase transitions required to release fluids from slabs in the MTZ may be 
very slow, greater than 100 Ma (Wang et al., 2015). As a result, remnants of the Mongol-
Okhotsk slab could have remained in the MTZ for long periods before any volatiles were 
released. Tomographic imaging by Chen et al. (2015) indicates there may be a broad 
upwelling of lower velocity material from the MTZ beneath central Mongolia, which 
could be the result of fluids released by stagnant slabs. Fluids released from the MTZ that 
have been hydrated by subducted oceanic crust would likely have an EMI like isotopic 
signature. During wet slab induced upwelling, melts generated by these fluids would have 
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an EMI like signature.  Furthermore these melts could entrain material with a PREMA 
like isotopic composition from the upper mantle. As noted by Wang et al. (2015), wet 
slab triggered upwelling does not require lithospheric extension or significant lithospheric 
doming which makes it a strong contender to explain regional intraplate volcanism. 
Additionally, melting produced during wet slab triggered upwelling could explain the 
observed isotopic compositions of our samples.       
 
 
Conclusions 
 
The Cenozoic basalts in central and northern Mongolia appear to be derived from a sub-
lithospheric source that trends between EMI and PREMA compositions. No major 
differences are evident between the isotopic signatures of the Hangay volcanic rocks and 
those from northern Mongolia and both likely have a similar source. A mantle upwelling 
may be the most favorable mechanism to explain the intraplate volcanic rocks in the 
region, though the geochemical data cannot identify the exact cause of an upwelling. 
Hydration of the MTZ by either the Mongol-Okhotsk or Pacific slab could explain the 
geochemical signatures and produce the melting anomalies in the area. Upwelling 
originating at the MTZ is supported by recent geophysical investigations in the area 
(Chen et al., 2015). Additionally, shear driven upwelling, edge driven convection and 
delamination all provide alternate means to produce melting anomalies in continental 
interiors without the existence of a deeply sourced mantle plume. If a relic slab is present 
in the MTZ additional work should be focused on modeling the time dependence of the 
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phase transitions required to produce melting, which may help explain the long time gap 
between Mesozoic or Paleozoic subduction of the slab and the Cenozoic volcanism.     
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Chapter Abstract 
 
Two-pyroxene granulite lower-crustal xenoliths recovered from the Shavaryn-Tsaram 
Quaternary basaltic breccia pipe on the flanks of the Hangay mountains in central 
Mongolia show the lower crust in the area formed in an arc-like setting in the Late 
Paleozoic to Early Mesozoic. Two-pyroxene Fe-Mg exchange thermometry indicates that 
the xenoliths equilibrated at 740 to 850°C. Based on the geothermal gradient in the area, 
this corresponds to depths of 32 to 43 km. Previous studies indicated pressure ranges 
between 12 to 13 kbar for samples with similar equilibration temperatures from the same 
locality, which suggests depths as deep as 45 km (Stosch et al., 1995). Abundant zircon 
in the samples dated by U-Pb laser ablation ICP-MS show a wide range of single grain 
ages from 50 to 290 Ma with a broad peak around 200 Ma. Each of the seven dated 
samples shows a similar spread of ages with a maximum age range of 200 Ma for 
individual xenoliths. Whether the younger Mesozoic zircon ages reflect later 
metamorphic events or result from diffusive Pb loss is unclear. Despite elevated Th/U, 
the former may be more likely based on rounded zircon morphology and the lack of 
zoning. The new data suggest that the lower crust in the Tariat area formed in the Late 
Paleozoic to early Mesozoic during the accretion of the Central Asian Orogenic Belt 
(CAOB), which is consistent with the arc-like geochemical signatures of the whole rocks. 
Shifts to more crustal Sr, Nd and Hf isotopic signatures with decreasing depth and 
increasing silica content may reflect varying degrees of assimilation of preexisting crustal 
material. The SiO2 contents for two-pyroxene granulites range from 54.0 to 58.8, 
significantly more silicic than arc lower crust, suggesting that older Si-rich crust was 
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assimilated during underplating. Elevated Ba/La and Sr/Nd suggest slab-derived fluids 
may have also played a role in the formation of the lower crust. In addition to the 
implications for crustal genesis, recent seismology studies indicate that the high 
elevations of the Hangay region could be isostatically supported by a thick crust. Our 
new data suggests the lower crust, and by inference the high topography, formed in the 
Late Paleozoic to Early Mesozoic during the formation of the CAOB.  
 
 
Introduction  
 
Understanding the formation, evolution and preservation of the lower crust is a first-order 
question in the study of tectonics and perhaps even more broadly in geology in general. 
Directly above the mantle, the lower crust provides isostatic support for high topography 
as crustal roots develop following tectonic collisions (Kay and Mahlburg Kay, 1991), and 
at the other extreme in cratons, the lithosphere including lower crust provides remarkable 
stability and protects the upper crust from significant erosion over billion-year timescales 
(Jordan, 1978; Flowers et al., 2006; Blackburn et al., 2012). Removal of the lower crust 
through delamination can produce intraplate volcanism and cause uplift (Kay and 
Mahlburg Kay, 1993), and the strength of the lower crust (a function of composition and 
temperature) will determine its ability to support differential loads even at a broad scale 
(Royden et al., 1997). Determining when and how the lower crust formed in an area can 
greatly improve our understanding of the regional tectonics and the influence on surface 
topography.  
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Despite its importance, the lower crust is not as well studied or understood as upper 
crustal rocks because of its inaccessibility and its often polymetamorphic history that can 
complicate geophysical investigations. Studies of deeply exhumed granulite-facies rocks 
are important, but some granulite terranes comprise middle-crustal rocks that reached 
lower-crustal depths only briefly during orogenic crustal thickening. In general, an issue 
with high-grade surface exposures is their very presence at the surface and if they are 
really representative of the composition and dynamic evolution of the lower crust 
(Rudnick, 1995; Taylor and McLennan, 1995a). Other exposed granulite terranes that 
show evidence of isobaric cooling may preserve better evidence of lower-crustal 
processes, though again, the means by which they reached the surface may call into 
question the record they contain (Rudnick and Fountain, 1995).  
 
Lower-crustal xenoliths provide an important alternative means of probing the deep crust, 
as intraplate volcanism can sometimes bring such xenoliths to the surface, providing an 
essentially modern sample that can be used to understand the composition and state of the 
lower crust at the time of the eruption (Rudnick and Taylor, 1987). Lower-crustal 
xenoliths are typically more mafic in composition than samples of the lower crust from 
granulite terranes. The origin of the compositional difference is subject to some debate, 
but it is likely because granulite terranes often sample middle-crustal rocks (Taylor and 
McLennan, 1995a). As a result, xenoliths provide one of the best ways to study the origin 
and the evolution of the lower crust. Geochronology and geochemistry of lower-crustal 
xenoliths can be used to determine when and how the lower crust formed, and lower-
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crustal xenoliths can also be used to understand the thermal evolution of the lower crust, 
therefore providing a constraint on dynamics.  
 
A suite of twelve lower-crustal xenoliths was recovered from the the Shavaryn-Tsaram 
Quaternary basaltic breccia pipe along the northern flank of the Hangay mountains in 
central Mongolia (Figure 3.1). The xenoliths entrained in a ~5 ka lava flow provide a 
snapshot of the composition of the modern lower crust in the region. The Hangay 
mountains are an area of intraplate uplift and basaltic volcanism, both of which have a 
contentious origin. A wide spectrum of hypotheses has been proposed for the origin of 
the anomalous volcanism and high topography in northern Mongolia including deep 
mantle plumes, sub-horizontal asthenospheric flow from beneath the Siberian craton, 
delamination of the lithosphere, edge-driven convection, crustal weakness along the 
Amur-Eurasian plate boundary and far-field effects of the India-Asia collision (e.g. 
Yarmolyuk et al., 1991; Zorin et al., 2002; Barry et al., 2003; Yanovskaya and 
Kozhevnikov, 2003; Tiberi et al., 2008; Savatenkov et al., 2010). Considerable effort has 
been aimed at studying the surface rocks and mantle xenoliths, but only a few studies 
have focused on the lower crust in this region (Stosch et al., 1995; Barry et al., 2003). 
What has not been considered to date is the influence that the possibly still-thick post-
orogenic lower crust of the Central Asian Orogenic Belt (CAOB) has had on topography.  
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Figure 3.1. Digital elevation map of central Mongolia. The location of the Hangay 
Mountains are highlighted by the 2000m contour line. The location of Shavaryn-
Tsaram xenolith locality is shown by the blue diamond near Tariat. Cenozoic 
basalts are shown in red from the geologic map of Tomurtogoo (1999). Mongolia is 
highlighted in black in the inset world view on the right.    
 
To address the timing, formation and thermal evolution of the lower continental crust in 
central Mongolia, we used a multidisciplinary approach to study the Tariat lower-crustal 
xenoliths utilizing thermobarometry, major, trace and isotope geochemistry, and 
geochronology. Fe-Mg exchange thermometry was used to constrain the equilibration 
temperatures experienced by the xenoliths and, coupled with the previously published 
geotherm, we were able to interpolate the origin depths of the xenoliths. Abundant zircon 
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observed in the samples was dated by U-Pb laser ablation ICP-MS to determine the 
timing of lower-crust formation and metamorphism. Whole-rock major- and trace-
element geochemistry as well as Sr, Nd, Hf, and Pb isotope analyses were used to help 
constrain the petrogenesis of the lower crust in this region. New age constraints on the 
formation of the lower crust in the region have allowed us determine a potential link 
between the formation of the deep crust and the timing of surface rock uplift in the area.  
 
 
Geologic Setting  
 
Paleozoic-Mesozoic Geology 
The geology of central Mongolia is dominated by rocks associated with the Central Asian 
Orogenic Belt (CAOB), which has been regarded as one of the largest accretionary 
orogens in Earth history and possibly one of the largest periods of juvenile crust growth 
in the Phanerozoic (Şengör et al., 1993; Jahn et al., 2004). Formation of the CAOB began 
at 1 Ga and continued until ~250 Ma, forming an accretionary margin that stretches from 
the North China craton to as far north as the Siberian craton. The protracted 750 Ma 
duration of subduction and accretion on the margin produced a wide range of terranes 
including Precambrian terranes, ophiolite sequences, island arcs, sedimentary basins and 
various igneous suites (Windley et al., 2007). Several competing tectonic models exist to 
explain the formation of the CAOB. Some studies suggest that a single arc, the Kipchack-
Tuva-Mongol arc, formed along a conjoined Baltika-Siberian margin and was then 
duplicated after oroclinal bending (Şengör et al., 1993). Variations on the Kipchak model 
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have also included a three arc model, that also requires Baltika and Siberia to be joined 
by the Neoproterozoic (Yakubchuk, 2004). Both Kipchak single and three arc models do 
not clearly account for the existence of Precambrian crustal blocks and the diverse type of 
rock types observed across the CAOB (Windley et al., 2007). More recent work suggests 
that accretion of island arcs, ocean islands, seamounts, accretionary wedges, oceanic 
plateaus and terranes occurred in an oceanic setting with multiple subduction zones, slab 
roll-back and ridge-trench subduction playing a role in the complicated orogeny 
(Windley et al., 2007). While not widely considered as part of the CAOB formation, the 
closure of the Mongol-Okhotsk ocean marked the final phase of collisional orogenies in 
the region. Rotation of Siberia likely caused the ocean basin to close as the Amure plate 
collided with the Siberian margin, producing a brief but significant orogenic event (Yang 
et al., 2015). Zircon ages suggest the closure of the basin and the formation of the 
subsequent suture occurred by at least the mid-Jurassic in eastern Mongolia (Tomurtogoo 
et al., 2005). 
 
In the Tariat region, the basement rocks include Proterozoic sedimentary sequences, 
Proterozoic volcano-sedimentary sequences, and Mesozoic gabbroic rocks associated 
with the CAOB. Minor occurrences of Paleozoic or Mesozoic granites locally intrude the 
basement. In central Mongolia similar granitic rocks have been dated and range in age 
from 540-120 Ma (Jahn et al., 2004). These Phanerozoic granitic rocks have initial 
87Sr/86Sr that range from 0.705 to 0.707 and initial εNd values between 0 and -7  and are 
likely associated with juvenile crustal formation during the formation of the CAOB (Jahn 
et al., 2004).   
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Cenozoic Geology            
The crustal xenoliths in this study were exhumed by a basaltic breccia pipe eruption at 
approximately 5 ka. This eruption was one of the youngest events associated with 
Cenozoic magmatism in the region which spans across much of central and northern 
Mongolia in diffuse volcanic centers that range in age from ~33 Ma to 5 ka (see Chapter 
One). The basaltic rocks are primarily alkaline with trace element signatures similar to 
ocean island basalts (Barry et al., 2003). The origin of the basalts is somewhat 
contentious though recent isotopic evidence suggests they are sourced in the sub-
lithospheric mantle, possibly related to a mantle upwelling (see Chapter One). In the 
Tariat locality, the Cenozoic magmas have also entrained abundant spinel lherzolite 
mantle xenoliths (Ionov, 2007). Crustal xenoliths are somewhat rarer and have only been 
recovered in central and northern Mongolia from Shavaryn-Tsaram and in southeastern 
Mongolia from Dariganga (Stosch et al., 1995). 
 
Tariat sits on the northern flank of the Hangay dome. The Hangay is a region of uplifted 
intraplate topography characterized by numerous flat topped peaks over 3000 m, which is 
situated within the larger Mongolian plateau. A wide spectrum of hypotheses has been 
proposed for the origin of the anomalous high topography in northern Mongolia that 
abuts the Siberian craton and the Baikal rift region. These hypotheses include deep 
mantle plumes, sub-horizontal asthenospheric flow from beneath the Siberian craton, 
delamination of the lithosphere, edge-driven convection, crustal weakness along the 
Amur- Eurasian plate boundary and far-field effects of the India-Asia collision 
(Yarmolyuk et al., 1991; Zorin et al., 2002; Barry et al., 2003; Yanovskaya and 
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Kozhevnikov, 2003; Tiberi et al., 2008; Savatenkov et al., 2010). In general, the age of 
the uplift is considered to be Cenozoic, though little data exist to support this claim. 
Recent basalt paleoaltimetry suggests 1000 m (± 500 m) of uplift occurred in the last 10 
Ma, though it is unclear weather this uplift was focused on the Hangay or more broadly 
across the entire Mongolian plateau (Sahagian et al., 2016). Incision rates measured from 
cosmogenic nuclides and incised basalt terraces are generally slow, between 10 and 60 
mm/yr, and compare well with exhumation rates based on modeling of 
thermochronological data (McDannell et al., 2013; Smith et al., 2016). These rates all 
suggest that the high topography is not and has not been eroding as quickly as would be 
expected for a young or actively uplifting origin. This leaves the question as to whether 
the Hangay may be an older relict feature. 
 
 
Previous Crustal Xenolith Studies    
 
Several previous studies have examined lower-crustal xenoliths from central Mongolia 
(Stosch et al., 1995; Barry et al., 2003). Stosch et al. (1995) report finding two- pyroxene 
granulites, garnet granulites and amphibolite-grade rocks, which they interpreted to have 
been formed by underplating of fractionated magmas. Two-pyroxene thermometry 
indicated the xenoliths equilibrated at 840 ± 30C and the Grt-Opx-Pl barometer indicated 
an upper limit on pressures between 12.5 and 15.5 kbar (Stosch et al., 1995). Barry et al. 
(2003) performed Sr, Nd, Hf and Pb isotopic analysis on nine of the samples from Stosch 
et al. (1995) and four additional samples. The wide range of isotopic compositions of the 
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crustal xenoliths is distinctive from the isotopic compositions of the Cenozoic volcanic 
rocks (Barry et al., 2003). The Sr and Nd isotopic composition of the lower-crustal 
xenoliths from previous studies range from 0.704-0.708 and 0.51196-0.51284 
respectively (Barry et al., 2003). Stosch et al. (1995) attempted to date altered garnets in 
the lower-crustal rocks using the Sm-Nd method and obtained low or near zero ages with 
very large errors. The extensive alteration of the garnets in their study may make these 
dates unreliable. While Stosch et al. (1995) suggest that the lower-crustal xenoliths 
formed by underplating, the wide variation in the xenolith isotopic compositions in 
comparison to the Cenozoic basalts leaves open the question of what magmatic event 
may have caused underplating. 
 
        
Methods    
 
Sample Collection and Processing 
Samples were collected from the Shavaryn-Tsaram locality near Tariat Mongolia along 
several trenches previously cut by mineral prospectors. Collected samples were generally 
large (>10 cm diameter), which allowed a significant amount fresh material to remain 
after trimming off portions of the xenolith that were either weathered or altered by the 
host basalt. Fresh internal portions of the xenoliths were used for preparation of one-inch 
round thin sections for microprobe analysis, mineral separation for geochronology, and 
whole-rock geochemistry.            
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Thermobarometry  
Conventional mineral thermometry was used to calculate the peak equilibration 
temperature conditions for the suite of lower-crustal xenoliths. Mineral compositions 
were determined by electron microprobe using a JEOL Superprobe at the Carnegie 
Institution of Washington’s Geophysical Lab. The two-pyroxene Fe-Mg exchange 
thermometer was utilized to calculate equilibration temperatures for the nine lower-
crustal xenoliths with that contained appropriate mineralogy (Brey and Köhler, 1990). No 
garnet was identified in the thin sections; as a result, no pressure data is available for the 
sample suite. The previous study on the lower-crustal xenoliths from Tariat by Stosch et 
al. (1995) was able to use the Garnet-Orthopyroxene-Plagioclase barometer to calculate 
pressures along with temperatures. We were also able to use the geotherm from Ionov et 
al. (1998) for the lower crust and mantle lithosphere in central Mongolia to estimate the 
source depth of the xenoliths.  
 
Geochemistry   
All crustal xenolith samples were analyzed as whole rocks for the geochemistry portion 
of this project. Samples were prepared for the geochemistry portion of this study by 
crushing fresh internal portions of the xenoliths into fine powders using a ceramic jaw 
crusher and ring mill at the Department of Terrestrial Magnetism (DTM) of the Carnegie 
Institution for Science in Washington, DC. Both the jaw crusher and ring mill were 
cleaned by rinsing with deionized water and crushing quartz between each sample. The 
ring mill was pre-contaminated with a small aliquot of each sample that was crushed then 
discarded before crushing sample material that was retained for analysis. Powdered 
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sample material was retained for isotope geochemistry at DTM and splits were sent to 
Washington State University GeoAnalytical Laboratory for major and trace element 
analysis. Major elements were analyzed using the Li-tetraborate fused bead technique on 
a Thermo-ARL automated X-ray fluorescence spectrometer (XRF) and trace elements 
were prepared for analysis by inductively coupled plasma-mass spectrometry (ICP-MS) 
using a low-dilution fusion with di-Lithium tetraborate followed by an open-vial mixed 
acid digestion. Additional details on the procedure can be found in Johnson et al. (1999). 
Additional discussion on the accuracy and precision of the methods used at WSU can be 
found in Heinonen and Luttinen (2008).  
 
Isotopic analyses and all related sample preparation procedures for Rb, Sr, Sm, Nd, Pb, 
Lu and Hf isotope geochemistry were performed at the DTM. Between 50 and 100 mg of 
powdered whole-rock sample material was dissolved in a mixture concentrated HF and 
HNO3 in a volume ratio of approximately 2:1 in sealed steel-jacketed Teflon bombs for a 
minimum of 48 hours. Samples were spiked with 87Rb, 84Sr, and mixed 176Lu-178Hf and 
149Sm-150Nd enriched tracers in appropriate quantities based on the prior measurements of 
trace element concentrations done at WSU. Following initial dissolution, the solutions 
were transferred to Savillex PFA Teflon beakers, dried down and then dissolved and 
dried in concentrated HNO3 twice. Approximately 0.5 ml of concentrated HCl was added 
and samples were dried again, before adding 4 ml of 4 M HCl to the capped beakers 
overnight on a hotplate to break up insoluble fluorides. Dried samples were then 
conditioned with 0.5 ml 0.5 M HBr, then dried again after 0.5 ml of concentrated HBr 
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was added. Samples were then dissolved in 3 ml of 0.5 M HBr to prepare for Pb 
separation chemistry.  
 
Separation of Rb, Sr, Sm, Nd and Pb, Lu and Hf was performed using standard column-
chemistry techniques. Pb was separated by anionic retention of PbBr62- as described in 
Heinonen et al. (2010). Once Pb was separated, the column aliquot containing Rb, Sr, 
Sm, Nd, Lu and Hf was dried down and purged of bromine by drying down and adding 
~0.5 mL of Milli-Q water followed by several drops of concentrated HNO3. Samples 
were then conditioned with concentrated HCl, dried down then dissolved in 5mL 0.1 N 
HF-1 N HCl by heating on a hot plate for ~1 hour in a capped beaker. Once dissolved, 
samples were centrifuged to separate any solid material before loading on 20 cm tall, 6 
mm internal diameter, primary columns filled with cleaned and pre-conditioned 200-400 
mesh AG 50Wx8 resin. Acids were added to the columns in order, 0.1 N HF-1N HCl 0-
10 ml, 2.5 N HCl 10-54 ml, and 4 N HCl 54-82 ml. Hf was eluted between 0 and 10 mL 
in 5 ml 0.1 N HF-1N HCl, Rb was eluted between 20 and 28 ml in 2.5 N HCl, Sr was 
eluted between 40 and 54 ml in 2.5 N HCl, Lu was eluted between 54 and 66 ml in 4 N 
HCl and Sm-Nd was eluted between 66 and 82 ml in 4 N HCl. All cuts were dried down 
under a heat lamp, 3 drops of HClO4 were added to the Hf cut before drying down and 
one drop of HNO3 was added to the Sr, Lu and Sm-Nd cuts.  
 
Prior to mass spectrometry, all cuts from the primary columns underwent additional 
cleanup procedures. The Rb fractions were further cleaned by loading and washing with 
0.5 M HCl on columns containing 200-400 µm AG 50Wx8. Sr fractions were cleaned up 
 112  
using Eichrom Sr resin. Lu cuts were cleaned using 50-100 µm LN resin. The Hf cuts 
were cleaned using 100-150 µm Eichrom LN resin in several washes of HCl and HCit-
HNO3 to remove Ti and other residual heavy rare earth elements. Sm and Nd were 
separated using α-hydroxy isobutyric acid in pressurized 2 mm x 20 cm quartz columns 
filled with 200-400 mesh AG50-X8 cation exchange resin in NH4+ form. The Nd cuts 
were then further cleaned of Sm using 50-100 micron Eichrom LN resin. 
 
A Thermo-Fisher Triton thermal ionization mass spectrometer (TIMS) at DTM was used 
to measure the isotopic composition of Sr, Nd and Sm statically and determine their 
concentrations by isotope dilution. Sr was loaded on single Re filaments while Nd and 
Sm were loaded on double Re filaments. All isotopes of Sr (85Rb), Nd (140Ce and 147Sm) 
and Sm were measured using faraday cups with typical signal sizes of 88Sr = 10-10 amps, 
145Nd =10-11 amps and 149Sm =10-11 amps. Correction for instrumental mass fractionation 
was done using the exponential law and values of 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 
0.7219. Interferences were typically low with 85Rb/86Sr < 10-5 and 147Sm/146Nd <10-5. 
Standards were measured before and after every five samples or less. Sr data are reported 
relative to 87Sr/86Sr = 0.71025 for the NBS-987 standard and Nd data are reported relative 
to 143Nd/144Nd = 0.512115 for the JNdi standard (Tanaka et al., 2000). The average 
measured value for the NBS-987 standard was 87Sr/86Sr = 0.710234 ± 0.000036 and 
143Nd/144Nd = 0.512109 ± 0.0000014 for the JNdi standard over the course of the 
analytical sessions.      
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Isotopic compositions of Pb, Hf, Lu and Rb were determined using a Nu Instruments 
Plasma HR multiple-collector ICP-MS at DTM. Samples were introduced into the mass 
spectrometer using a DSN-100 nebulizer. To correct for mass bias, the Pb samples were 
doped with thallium, and isotopes of Pb and Tl were measured statically. The Pb standard 
NBS 981 was measured before and after every four or fewer samples to serve as an 
additional monitor and correction for mass fractionation, with average measured ratios of 
206Pb/204Pb =16.937 ± 0.005, 207Pb/204Pb = 15.492 ± 0.005, and 208Pb/204Pb = 36.702 ± 
0.011. Signal sizes for Pb were typically 208Pb > 10-11 amps. When measuring Hf, 
interferences from Yb, Lu, Ta and W were also measured and corrected for.  
Interferences from Yb were also corrected for the Lu analyses. Standards were measured 
before and after every four or fewer samples to account for instrumental mass 
fractionation. The Hf data are reported relative to a value of 176Hf/177Hf = 0.282160 for 
the JMC 475.  The average value measured for this standard during the analytical 
sessions was 176Hf/177Hf = 0.282149 ± 0.000007. Signal sizes for Hf were typically 178Hf 
> 10-11 amps. 
 
Geochronology  
Zircon was separated from fresh internal portions of seven xenolith samples in the Lehigh 
University geochronology lab. Samples were crushed using a steel ring mill and washed 
in deionized water to remove fine material, then dried. Once dry, samples were sieved to 
remove course material, prior to separation of magnetic materials using a Frantz 
isodynamic magnetic separator. Non magnetic material underwent density separation in 
Lithium Metatungstate (LMT). Heavy minerals were retained and LMT was removed by 
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washing in deionized water. Dry heavy fractions were then added to methylene iodide 
(MI) to separate heavy minerals like zircon from lighter apatite. The heavy zircon 
separates were hand picked and mounted in epoxy grain mounts.  
 
Zircon were dated by laser ablation ICP-MS at DTM using a 193 nm excimer laser with 
ThermoFisher iCap-Qc ICP-MS. A 40 µm spot size was used to date all samples and 
standard reference materials. Plešovice zircon (ID-TIMS 206Pb/238U = 337.13 ± 0.37 Ma) 
was used as a reference material during analysis sessions (Sláma et al., 2008). Over the 
course of the analytical session, 34 intervening analyses of the Plešovice zircon yielded a 
mean 206Pb/238U age of 337.23 ± 3.45 Ma. Zircons in the samples were generally small 
<100 µm in diameter and round, though a few were larger and euhedral, ~250 µm on 
their long axis. As a result, single spot analysis were only possible on most grains. Cores 
were dated on all samples; the several larger zircons were also dated near the rim. All raw 
data was processed using Iolite with the VizualAge data reduction scheme (Paton et al., 
2011; Petrus and Kamber, 2012). Isoplot was used to produce all U/Pb geochronology 
plots to follow (Ludwig, 2009). After dating, a JEOL 8530F microprobe equipped with a 
CL spectrometer at DTM was used to produce cathodoluminescence maps of select 
zircon grains.  
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Results 
    
Petrology  
Hand sample and thin-section investigation of the suite of lower-crustal xenoliths from 
Tariat indicates that they are primarily two-pyroxene granulites. Minerals present in the 
majority of samples include orthopyroxene, clinopyroxene, plagioclase and ilmenite, with 
trace apatite and zircon. Most of the two-pyroxene granulite samples display no foliation 
and have granoblastic textures (Figure 3.2). Petrographic analysis of several samples did 
not find any garnet or alteration products such as kelyphite. One sample (C5) is a 
pyroxene cumulate with orthopyroxene and minor ilmenite and feldspar. A few samples 
(C2, 11-5) display more felsic lithology with feldspar, quartz and pyroxene. Sample 11-5 
is a felsic gneiss, which shows a foliated texture with quartz, feldspar and orthopyroxene 
dominating the mineralogy.      
 
 
Figure 3.2. Plane-light photomicrographs of four samples showing the range of 
mineralogy present in the sample suite. Silica content increases from left to right, 
corresponding to changes in dominant mineralogy. C5 is a pyroxene cumulate, 11-8 
is a two-pyroxene granulite, C2 is a felsic granulite dominated by feldspar and 
quartz and 11-5 is a gneiss. Most samples in the suite are similar to 11-8, the rest are 
outliers.  
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Thermobarometry  
Average mineral compositions are presented in Table 3.1 for all samples. Temperatures 
calculated using the two-pyroxene Fe-Mg exchange thermometer of Brey and Kohler 
(1990) are also summarized in Table 3.1 for eight samples with suitable mineral 
compositions. Equilibration temperatures for the xenoliths range from 740 to 850 °C. No 
appropriate barometers were available in any of the samples.  We estimate the depth of 
origin of the samples using the previously published geotherm for the region. When 
compared with the geotherm, temperatures recorded by the xenoliths correspond to 
pressures that range from ~9 to ~12 kbar. Previously published crustal P-T calculations 
for garnet bearing xenoliths from the same locality indicated that they equilibrated 
between 800 and 850°C and at pressures ranging from ~11 to 13 kbar (Stosch et al., 
1995). The calculated pressures from the prior study suggest that the xenoliths in this 
sample suite may have experienced higher pressures than those indicated by the geotherm  
(Figure 3.3).  
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Table 3.1. Pyroxene mineral compositions and calculated temperatures   
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Figure 3.3. Blue diamonds are previously reported P-T estimates for similar crustal 
xenoliths originally published by Stosch et al. (1995). P-T calculations were revised 
by Ionov et al. (1998) and are shown here. Red circles are xenoliths from this study. 
Temperature estimates are only available using the two-pyroxene thermometer of 
Brey and Kohler (1990). Samples are plotted at depth corresponding to the 
geotherm reported by Ionov et al. (1998). Dark line is Tariat geotherm derived from 
mantle xenolith P-T measurements, dashed lines are conductive continental 
geotherms (Pollack & Chapman, 1977).  
  
Geochronology  
Zircon in the samples dated by U-Pb laser ablation ICP-MS shows a wide range of single 
grain ages from 50 to 290 Ma, with a broad peak around 200 Ma (see supplementary 
Table S5 for all analyses). Dated samples include six two-pyroxene granulites and the 
one gneissic sample (Figure 3.4). Each of the seven dated samples shows a similar spread 
of ages, with a maximum age range of 200 Ma for individual xenoliths. Samples C1, C6 
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and 11-6 show minor discordance of some grains, though all samples show numerous 
grains that plot on the Concordia. The oldest concordant single grain 206Pb/238U ages in 
each sample range from a minimum of 214.7 ± 1.9 Ma for sample C7 to a maximum of 
289.6 ± 3.4 Ma for sample C4. Given the small size of the zircons, all sample ages 
presented here are primarily core ages, with the exception of one core to rim transect on a 
grain in sample 11-5. The majority of zircons in all samples display elevated Th/U in 
excess of 0.1 (up to 1.5 in some grains).  
 
Cathodoluminescence (CL) maps of zircon grains were produced for four of the samples 
following the LA-ICP-MS dating; three samples were two-pyroxene granulites (C4, C7 
11-6) and the fourth was a gneiss (11-5). The three two-pyroxene granulite samples show 
very weak zonation and grains are typically anhedral (Figure 3.5). In the gneissic sample 
(11-5) cores are apparent in many of the grains, with some larger cores showing 
oscillatory zoning. Grains are generally euhedral to subhedral in the gneissic sample. One 
grain in sample 11-5 with a core and a rim date shows a core 206Pb/238U age of 189.5 ± 
3.9 Ma and a somewhat younger rim at 154.7 ± 3.3 Ma.  The Th/U of the core is 0.77, 
while the rim is significantly lower at 0.16. Rims around the older cores in 11-5 have 
weak zoning to no zoning.  
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Figure 3.4. C7-C1 Concordia diagrams for zircons dated by LA- ICP-MS from 
individual crustal xenolith samples recovered from Tariat. Panel labeled “all 
samples” shows a histogram (blue bas) and probability density function (red line) of 
206Pb/238U ages in samples C7-C1. 
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Figure 3.5. Cathodoluminescence maps of zircon grains in sample C4 and C7. Most 
zircon has poorly developed zoning as in C4. The grain shown from sample C7 is an 
outlier for the two-pyroxene granulites with oscillatory zoning developed.  
 
Geochemistry  
All major element, trace element and isotopic compositions are available in supplemental 
Table S6. The SiO2 content for the sample suite is variable from 45 wt% for the pyroxene 
cumulate to as high as 72 wt% for the felsic gneiss, with the two-pyroxene granulites 
having an intermediate composition ranging between 54 to 58 wt% SiO2. The Mg# of the 
two-pyroxene granulites ranges from 37 to 54, with the felsic granulite and the gneiss 
having significantly lower Mg#’s at 31 and 20, respectively. CaO contents (4.5 to 7.2 
wt%) are positively correlated with Mg# and negatively correlated with SiO2 for the 
granulites, which is similar to the Tariat crustal xenolith samples analyzed by Stosch et 
al. (1995). TiO2 ranges from 0.97 to 1.98 wt% and K2O ranges 0.91 to 4.42 wt% for the 
two-pyroxene granulites, both showing no correlation with Mg# or SiO2. The Al2O3 
contents are fairly restricted for the two-pyroxene granulites, ranging from 16.6 to 19.8 
wt%, with the pyroxene cumulate falling within that range at 17.6 wt% and the more 
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felsic xenoliths having the lowest Al2O3 at 15.4 and 14.4 for the felsic granulite and the 
gneiss, respectively.     
 
The trace element signatures of the two-pyroxene granulites show similarities to arc 
derived magmatic rocks. Ba/Nb are generally elevated for samples in the suite with the 
two-pyroxene granulites ranging from 60 to 467; the felsic gneiss (11-5) has the highest 
ratio at 962 while the pyroxene cumulate has the lowest ratio at 24. Primitive mantle 
normalized trace element diagrams show enrichments in the large-ion lithophile elements 
(LILE) and rare-earth elements (REE) compared to depleted high field strength elements 
(HFSE) for the two-pyroxene granulites (Figure 3.6). The pyroxene cumulate shows 
depletions in LILE and light rare earth elements (LREE) relative to the heavy rare earth 
elements (HREE) on a primitive mantle normalized trace element diagram. When 
normalized to Rudnick and Fountain’s (1995) model for total continental arcs, the two-
pyroxene granulites show fairly flat patterns with depletions in Th and U.  The felsic 
granulite (C2) displays a very flat pattern with no significant enrichments or depletions, 
and the gneiss (11-5) shows depletions in most HFSE (Figure 3.7). 
 123  
 
Figure 3.6. Primitive-mantle normalized trace-element diagram (Sun and 
McDonough, 1989).  Green lines are all two-pyroxene granulites, blue line is the 
felsic granulite, black line is the gneissic sample and the red line is the pyroxene 
cumulate.  
 
 
Figure 3.7. Continental-arc normalized trace-element diagram for the two-pyroxene 
granulites (Rudnick and Fountain, 1995). Green lines are all two-pyroxene 
granulites, blue line is the felsic granulite, black line is the gneissic sample and the 
red line is the pyroxene cumulate.   
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All Sr, Nd, Hf and Pb isotopic data in Table 3.2 have been age corrected using the oldest 
concordant single grain zircon age for that sample. Samples with no datable zircon were 
corrected using an average age of 244 Ma, with the exception of the pyroxene cumulate 
which has not been corrected because it is likely related to the Cenozoic volcanic system 
and near modern in age. The initial 87Sr/86Sr(i) isotopic composition for the two-pyroxene 
granulites is fairly restricted ranging from 0.7047 to 0.7057, with the more felsic rocks 
having more radiogenic signatures at 0.7072 and 0.7081 for the felsic granulite and the 
gneiss, respectively. The εNd(i) values of the two-pyroxene granulites and the one 
gneissic sample (11-5) range from -3.1 to 1.7, the felsic granulite (C2) has the most 
extreme compositions with an initial εNd value of -10.7. Initial εHf(i) values range from   
-1.0 to 9.2 for the two-pyroxene granulites and the gneiss, with the felsic granulite having 
the lowest εHf of -7.9. All Pb isotope data presented here have been age corrected. For 
the two-pyroxene granulites, the 206Pb/204Pb(i) ranges from 17.84 to 18.02, 207Pb/204Pb(i) 
from 15.45 to 15.52 and 208Pb/204Pb(i) from 37.67 to 37.84. The gneissic sample (11-5) 
has a more radiogenic Pb signature and the felsic granulite is slightly less radiogenic 
when compared to the two-pyroxene granulites, their 206Pb/204Pb(i) is 18.08 and 17.50, 
207Pb/204Pb(i) is 15.54 and 15.44, and 208Pb/204Pb(i) is 37.96 and 37.88, respectively.      
      
Depleted mantle model ages for the samples are considerably older than the zircon U/Pb 
ages for all samples. The Sm-Nd depleted mantle model ages range from 1.06 to 1.36 Ga 
for the two-pyroxene granulites, the gneissic sample is somewhat younger at 0.87 Ga and 
the felsic granulite is considerably older at 2.05 Ga. These ages are somewhat 
corroborated by the Lu-Hf model ages, which have a wider range from 0.82 to 1.51 Ga 
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for the two-pyroxene granulites, the gneissic sample overlaps that range at 0.96 Ga and 
the felsic granulite is considerably older at 3.39 Ga. The seven two-pyroxene granulites 
yield a Pb-Pb isochron age of 3.7 Ga with a r2 value of 0.97.  When all samples and 
lithologies are included, the age decreases to 2.3 Ga, but with a lower r2 value of 0.70.    
          
Table 3.2 
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Discussion 
 
Origin of the Xenoliths  
To assess the formation of the of the lower crust we must ensure our sample suite is 
representative of the lower crust. Geophysical constraints from Stachnik et al. (2013) 
show the crust is ~46 km thick in the Tariat region which is in good agreement with P-T 
data on crustal and mantle xenoliths from Ionov et al. (1998) that suggest the transition 
from mantle to crustal lithologies occurs at ~45 km. The lack of high-pressure aluminous 
minerals in our suite of crustal xenoliths makes it difficult to directly determine peak 
equilibration pressures and depth of origin. The two-pyroxene Fe-Mg exchange 
thermometer of Brey and Köhler (1990) shows peak-equilibration temperatures for the 
xenoliths range from 740 to 850°C for nine of the xenoliths in the suite. When compared 
with the geotherm for Tariat determined by Ionov et al. (1998), the measured 
temperatures for our suite of xenoliths correspond to depths between 32 to 43 km and 
pressures between 9 to 12 kbar (3.3). The lower-crustal to upper-mantle geotherm of 
Ionov et al. (1998) can be extrapolated to the surface using a convective continental 
geotherm with a ~90 mW/m2 heat flow (e.g. Pollack and Chapman, 1977). Previously 
published data from the xenolith suite of Stosch et al., (1995), later revised by Ionov et al. 
(1998), show crustal xenoliths in their suite with peak equilibration temperatures similar 
to the higher temperature end of our samples. The calculated peak equilibration pressures 
of the similar crustal xenoliths reported in Ionov et al. (1998) range between 12 and 13 
kbar, corresponding to depths between 43 and 45 km, which may suggest our samples 
represent slightly greater depths than those implied by the ~90 mW/m2 geotherm. Lysak 
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and Dorofeeva (2003) reported significantly lower heat flows measured from boreholes 
and hot springs in the Hangay region, which range between 22 and 73 mW/m2. Based on 
these lower heat flows, their modeled average geotherm predicts the base of the crust in 
the Hangay region (~45 km) is ~700°C (Lysak and Dorofeeva, 2003). Even the upper 
temperature limit of the predicted geotherm by Lysak and Dorofeeva (2003) would place 
the base of the crust at ~750°C and our samples at depths of 45 to 55 km, which likely is 
a significant overestimate as the samples would be part of the mantle at those depths. 
Disagreement between geotherms for the region may be due to the fact that Cenozoic 
magmatism caused heating at the base of the crust that is not yet apparent through surface 
heat flow measurements (Ionov et al., 1998). Extrapolating a geotherm from surface heat 
flow measurements to the base of the crust requires significant assumptions about thermal 
conductivity, mantle temperatures and the abundance of heat producing elements in the 
crust, all of which could be a source of error in the geotherm of Lysak and Dorofeeva 
(2003). Inverse thermo-kinematic modeling of low temperature apatite U-Th/He data 
from the region require a best fit temperature of 860°C at the base of a 49 km thick crust 
(McDannell et al., 2013), which is broadly consistent with the geotherm of Ionov et al. 
(1998).   We consider the geotherm of Ionov et al. (1998) to be most appropriate for 
interpreting the depths of our samples, which suggests our samples have a lower-crustal 
origin.  
 
No quantitative P-T data is available for the gneissic sample (11-5), the felsic granulite 
(C2) or the pyroxene cumulate (C5). Based on lithology, significantly higher silica 
contents, and more evolved compositions, the two felsic samples could represent middle 
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to upper crustal rocks. No similar lithologies are exposed near Tariat so a mid-crustal 
origin may be more reasonable, though it is not impossible that they have a lower crustal 
origin. The cumulate (C5) has an isotopic composition that nearly overlaps with that of 
the Cenozoic lavas. The cumulate may have a lower-crustal origin that is genetically 
related to the Cenozoic volcanism. It is unclear if the samples discussed above are 
representative of the lower crust, as a result, they are not considered in much detail in the 
following discussion.  
 
Age of the Lower Crust 
Zircon in the two-pyroxene xenoliths dated by U-Pb laser ablation ICP-MS suggests the 
lower crust formed by at latest the Permo-Triassic time, with the oldest concordant single 
grain 206Pb/238U ages in each sample ranging from 214.7 ± 1.9 Ma to 289.6 ± 3.4. These 
oldest concordant single grain ages for each sample may represent the onset of 
crystallization of the lower crust, though they could be a product of metamorphism. Each 
sample shows many concordant single grain ages that are significantly younger, with a 
maximum age spread of 200 Ma for sample C1. Most grains have Th/U > 0.1; Th/U 
below 0.1 are sometimes indicative of metamorphic zircons (Williams et al., 1996). In 
high grade rocks, Th/U may be much more variable, with metamorphic zircons having 
Th/U in excess of 0.1 (Möller et al., 2002). As a result, we cannot determine the origin of 
the zircons based on Th/U. Zircons in the two-pyroxene xenoliths are generally rounded 
and CL images are unzoned or show poorly developed zoning. The morphology of the 
zircons may indicate that they could be metamorphic in origin. The broad range of ages 
may record metamorphism associated with CAOB and the Mongol-Okhotsk orogeny, 
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with the broad peak in compiled ages potentially recording closure of the Mongol-
Okhotsk ocean. 
 
An alterative explanation to metamorphic growth is that the samples are in fact primary 
igneous zircon, and the large age spread is the result of diffusive Pb loss as samples could 
have been held at high temperatures for long durations. Diffusive Pb loss for the young 
zircons in our study would not necessarily produce discordant ages, since the Concordia 
is relatively straight for young samples. Using their calculated diffusion coefficients, 
Cherniak and Watson (2001) demonstrate that a 100 µm grain could lose ~5% of its Pb in 
100 Ma if temperatures were held at 850°C for the entire time (e.g. Figure 11 in Cherniak 
and Watson, 2001). By this logic, grains in this study with typical diameters around 100 
µm could have lost a maximum of ~15% of their Pb if they were held at the upper 
temperature limit of 850°C (from our thermometry) for ~290 Ma (based on the oldest 
age) (Cherniak and Watson, 2001). Smaller or radiation damaged grains would be more 
susceptible to diffusive Pb loss; some grains dated were smaller than 100 µm, so higher 
percentages of Pb diffusion could be possible (Cherniak and Watson, 2001). These 
predicted degrees of Pb loss hinge on the assumption that the lower crust has been hot for 
its entire history: peak temperatures recorded by the xenoliths may be as young as the 
Cenozoic, associated with the most recent phase of volcanism in the region (Ionov et al., 
1998).  
 
Using the diffusion coefficients of Cherniak and Watson (2001) we were able to model 
the effect of diffusional Pb loss on the age of the zircons, using an implicit finite-
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difference diffusion code that permits arbitrary thermal histories (Figure 3.8). The 
smallest grains dated in this study were 50 µm in diameter, and if held at ~850°C for its 
entire history a grain that crystalized at 290 Ma could yield an age as young as ~150 Ma. 
Larger 100 µm grains would yield ages of ~215 Ma if subjected to the same conditions. 
Isothermal holding at high temperatures and subsequent Pb loss could explain most of the 
younger ages observed in our data. It is possible that temperatures were higher than the 
range suggested by the thermometry, if this was the case younger ages could be explained 
by higher degrees of Pb loss. Isothermal holding of small 50 µm grains at 875°C for 290 
Ma could explain the youngest ages in our dataset. Apparent ages would be somewhat 
older for a shorter reheating and isothermal episodes. A recent reheating and subsequent 
isothermal episode could be the result of Cenozoic magmatism. Modeled data suggests 
zircons that crystalized at 290 Ma could range in age from 215 to 260 Ma if a recent 
reheating and isothermal episode occurred. The size of zircon grains in our suite is only 
broadly known, though individual grain sizes that correspond to single grain ages are not 
available. Nevertheless, the modeled ages predicted by the curves in Figure 3.8 show that 
a large age spread is a plausible result of Pb diffusion at the lower crustal conditions 
experienced by our samples. It should also be noted that the apparent ages predicted by 
the curves in Figure 3.8 are whole-grain ages, such as those that would be obtained by 
zircon U-Pb ID-TIMS. Laser ablation spot ages from this study, shown by the histogram 
in Figure 3.8, can be more or less susceptible to the effects of diffusional Pb loss 
depending on the location of the spot analysis on the grain. In summary, the modeled data 
provide an interesting explanation for the large age spread observed in our data.             
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Figure 3.8. Modeled ages resulting from diffusional Pb loss. Curves show the 
apparent age for grains that crystalized at 290 Ma and were held at various 
isothermal temperatures (y-axis) for 290 Ma (solid lines) or the last 30 Ma (dashed 
lines). Both 50 µm and 100 µm diameter grains are shown for both cases. The 
temperature range from our thermometry results is shown as the grey shaded area. 
The histogram shows the distribution of all ages dated by U-Pb LA-ICPMS in this 
study.       
 
Regardless of whether the younger ages are the result of Pb loss or metamorphism, it is 
important to consider if the oldest ages reflect the crystallization ages of the lower crust, 
or if they too have been effected by Pb loss or metamorphism. When a Rb-Sr isochron is 
plotted using 87Sr/86Sr(i) that are corrected to the oldest U-Pb ages, a flat isochron results. 
If measured 87Sr/86Sr(m) for the samples are used to produce the isochron, a positive trend 
is apparent, as would be expected. If ages older than 300 Ma ranging up to the ~1Ga Sm-
Nd and Lu-Hf model ages are used to correct the 87Sr/86Sr to initial values, negatively 
sloping isochrons are produced. The fact that the oldest U-Pb ages produce a flat Rb-Sr 
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isochron suggests the oldest U-Pb ages likely reflect the timing of the onset of formation 
of the crust and have not been subjected to the effects of Pb loss or metamorphism. As a 
result, we are confident the lower crust in the region formed in the Permo-Triassic, 
coincident with late stage formation of the CAOB and possibly the Mongol-Okhotsk 
orogeny (Windley et al., 2007; Yang et al., 2015).  
 
Formation of the Lower Crust 
The locus of crust formation in the post-Archean has long been considered to be 
convergent margins, particularly subduction zone settings (Taylor, 1967; Taylor and 
McLennan, 1995b). Our suite of crustal xenoliths from Tariat are consistent with 
formation in a convergent margin setting, with distinctive trace element patterns and high 
La/Nb and Ba/La considered to be indicative of arc-derived rocks (Kelemen et al., 2003). 
The Ce/Pb of the rocks range from 3.7 to 6.3, well within the range of arc derived 
magmas and similar to the composition of bulk crust  at ~4 (Miller et al., 1994). Ratios of 
fluid mobile elements relative to light REE are generally high for all samples, with 
average Ba/La = 45.6 and Sr/Nd = 42.1 for the two-pyroxene granulite xenoliths, 
suggesting slab derived fluids played a role in the formation of the lower crust. No strong 
correlations exist between ratios of fluid mobile elements relative to light REE and 
isotopic compositions, so the amount of slab derived fluid did not impact isotopic 
composition significantly. Elevated ratios of La/Sm (~6 to >10) have been shown to 
indicate increasing amounts of melted slab sediments incorporated into arc volcanic rocks 
(Labanieh et al., 2012). The La/Sm of the two-pyroxene granulite xenoliths in our suite 
range from 3.3 to 5.5; these intermediate ratios could be the result of a slab sediment 
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component though it is not clear. Though the isotopic compositions of the two-pyroxene 
granulites suggests that there was probably not a significant input of slab-sediment 
derived melts. Similarities to arc-derived magmatic rocks are not uncommon for granulite 
xenoliths and are observed in many other locations worldwide (Hacker et al., 2015). The 
arc like geochemical signature of the two-pyroxene lower-crustal xenoliths is also not 
surprising given that their age coincides with the formation of the CAOB, which is 
hypothesized to involve at least one if not several arcs (Windley et al., 2007).  
 
Composition variability of the two-pyroxene granulite xenoliths may provide interesting 
clues as to how the lower crust formed. If equilibration temperatures from the 
thermometry calculations are used as reasonable a proxy for depth in the crust (i.e. higher 
temperatures for deeper crust), it appears that the Nd and Hf isotopic compositions 
become more radiogenic with increasing depth (Figure 3.9). This trend is less well 
defined for the 87Sr/86Sr(i) isotopic composition, though in general the Sr isotopic 
composition becomes less radiogenic with increasing depth with the exception of two 
samples (Figure 3.9). These trends between the depth (equilibration temperatures) and 
Nd, Hf and Sr isotopic compositions may be the result of assimilation of existing country 
rock in earlier stages of lower-crustal formation, with deeper sections being more 
insulated from assimilation. As a result, isotopic compositions of deeper rocks are less 
impacted by the preexisting crust. The Nd and Hf isotopic compositions of the xenoliths 
become less radiogenic with increasing silica content, while the 87Sr/86Sr(i) isotopic 
composition become more radiogenic with increasing silica content. This finding 
provides support for the idea that assimilation of preexisting country rock may have 
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played a role as these country rocks would likely have higher silica contents as well as 
more crustal-like isotopic signatures than the underplated magmas. Proterozoic Sm-Nd 
and Lu-Hf model ages for the two-pyroxene granulite xenoliths further support that older 
material may have been assimilated as the lower crust formed. It should be noted that the 
trends between initial isotopic composition with silica content and depth remain constant, 
even if younger or older ages are used to correct the isotopic composition to initial 
values. The exception to this is for trends with 87Sr/86Sr(i) isotopic composition, which 
reverse if older ages are used to correct the isotopic composition to initial values. Trends 
to more radiogenic signatures with decreased silica content would be rare, and as we 
discussed above, the oldest U-Pb ages likely reflect the crystallization age of the crust. 
The fact that the correlations are mostly age independent suggests that trends discussed 
above are likely the product of varying degrees of crustal assimilation, not simply 
differentiation in the crust of a common mantle-derived magma.      
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Figure 3.9. Initial whole-rock Sr, Nd and Hf isotopic composition vs equilibration 
temperatures and silica content.  
 
Despite the striking similarities between the granulite lower-crustal xenoliths in our study 
(and many others) to arc derived magmatic rocks, they do not represent arc lower crust 
(Kelemen and Behn, 2016). Simple underplating of magmas in a convergent margin 
setting would produce a more mafic lower crust especially after any partial melt removal, 
than the basaltic trachy-andesite to trachy-andesite bulk composition of the two-pyroxene 
granulite xenoliths in our suite. In addition to lower silica content, typical arc lower crust 
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also has much more depleted middle REEs, light REEs, Zr, Hf, Nb, Ta, K, U, Th, and Rb 
than most granulite xenoliths (Hacker et al., 2015). How this lower crust with more 
intermediate composition forms remains a poorly understood process, though it has long 
been recognized that processes to refine lower-crustal compositions must be at play 
(Taylor and McLennan, 1995b). Delamination of mafic arc lower crust is likely as its 
high densities make it gravitationally unstable (Kay and Mahlburg Kay, 1991; Kay and 
Mahlburg Kay, 1993). The delaminating block is replaced by upwelling mantle material 
that undergoes decompression melting as it rises, producing a less mafic lower crust than 
delaminated material as upwelling melts are underplated. The delaminated layer is often 
thought to be rich in garnet; the lack of garnet in most of the crustal xenoliths recovered 
from Tariat could be considered as evidence of a past delamination, though no other 
strong evidence for delamination exists. A new alternative view is termed relamination, 
where following delamination buoyant silica-rich rocks rise buoyantly from subducted 
material and are underplated at the base of the crust (Hacker et al., 2011). While 
relamination can explain felsic lower crustal lithologies, more radiogenic isotopic 
signatures than those in our suite would be expected for melts derived from subducted 
material. Instead, we favor underplating of arc derived basaltic material that assimilated 
preexisting country rock to produce the two-pyroxene granulites.  
 
Modeled mixing curves between a typical arc basalt and a middle crustal component 
defined by the composition of sample C2 show samples would need to assimilate 
between 10% and 50% of preexisting crustal material to explain their compositions 
(Figure 3.10). The isotopic composition of underplated basalt is loosely defined the by 
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composition of the Cenozoic lavas discussed in Chapter Two, though the major and trace 
element compositions reflect higher degrees of partial melting in an arc setting. The 
potential underplated arc basalt has 52 wt% SiO2, 500 ppm Sr, 87Sr/86Sr of 0.7045, 20 
ppm Nd and an εNd of 3.0. A more silica rich middle crust would require lower degrees 
of assimilation, though sample C2 is probably a reasonable estimate for the middle crust. 
The initial isotopic composition of sample C2 used in the mixing models was corrected 
for an age of 290 Ma to reflect onset of crustal formation. Assimilation of preexisting 
crustal material by an underplated arc derived magma can explain the composition of 
lower crust in the region without the need for additional processes like relamination.   
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Figure 3.10. Initial whole-rock Sr and Nd isotopic composition vs silica content. 
Mixing curves between an arc basalt a mid crustal composition defied by sample C2 
are shown. The arc basalt has 52 wt% SiO2, 500 ppm Sr, 87Sr/86Sr of 0.7045, 20 ppm 
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Nd and an εNd of 3.0. Sample C2 was age corrected to 290 Ma to reflect the timing 
of the onset of crustal formation. Sample C2 has 65 wt% SiO2, 305 ppm Sr, 87Sr/86Sr 
of 0.707, 19 ppm Nd and an εNd of -10.23. Tick marks and mixing percentages are 
shown for 10% to 50% assimilation.     
 
Implications for Present Day Topography 
A seismic study using receiver functions indicate that crust beneath the Hangay is thicker 
than surrounding areas, and this thicker crust provides isostatic support for the high 
topography of the dome, particularly in its central and western portions (Stachnik et al., 
2013). Our new age constraints on the lower crust suggest it was created in the Permo-
Triassic during the formation of the CAOB and may have continued to grow through 
Jurassic possibly associated with the Mongol-Okhotsk orogeny. These new age 
constraints suggest the that thick crust, and by inference, the high topography may be 
much older than any previous estimates. This notion of old topography in the area is 
supported by low-temperature thermochronology, which shows moderate erosion rates 
and rapid post-orogenic relief reduction occurred in the Mesozoic followed by 
preservation of old topography (McDannell et al., 2013). The lack of recent relief change 
is also supported by slow river incision rates in the Cenozoic measured from basalt 
terraces (see Chapter One). These recent lines of evidence support that the Hangay is a 
relict geographic feature that has existed on the landscape since the Mesozoic and is not 
the product of intraplate uplift during the Cenozoic.  
 
Conclusions 
Two-pyroxene granulite xenoliths from central Mongolia record the formation of the 
lower crust during the Permo-Triassic in a convergent margin setting. Fluids derived 
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from subducted material likely contributed to flux melting of the mantle wedge to 
produce basaltic magmas. As arc magmas were underplated, older silica-rich material 
was assimilated to produce the intermediate composition of the lower crust observed in 
our suite of xenoliths. Our crustal assimilation model does not require processes like 
delamination and/or relamination to produce the observed lower-crustal composition. The 
more felsic lithology likely provides additional buoyancy and strength to the crust, than 
that of a highly mafic lower crust. The formation of this stronger more buoyant crust 
provided isostatic support for the high topography of the Hangay mountains.  
 
These promising results from our study of Tariat lower-crustal xenoliths suggest the 
future work in this region would be fruitful. Collection of new xenoliths from the region 
could be employed to gain a larger sampling of the lower crust to improve our ideas 
about bulk composition. The broad spread of zircon U-Pb ages is somewhat curious and 
additional work could help resolve the large age range in individual samples. Higher 
precision U-Pb ID-TIMS analyses of the zircons could produce more precise ages. 
Additionally, the proposed possibility of Pb diffusion in the zircon could be addressed 
using high resolution ion microprobe to see if Pb diffusion gradients are present in the 
zircon. If Pb diffusion gradients were detectable, this could allow zircons to be used as a 
thermochronometer in these rocks, as has been done with other accessory minerals with 
lower U-Pb closure temperatures (Blackburn et al., 2011).  
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CONCLUSION  
 
Volcanism and uplift of the high topography in Central Mongolia are not directly related. 
Uplift of the Hangay mountains, and possibly the greater Mongolia Plateau, likely 
occurred through convergent margin processes during the formation of the CAOB and/or 
the Mongol-Okhotsk orogeny. Geochemical evidence suggests the lower crust that 
supports the high topography in central Mongolia formed by underplating in an arc-like 
setting, which is consistent with formation during the accretion of the CAOB and/or the 
Mongol-Okhotsk orogeny. The new evidence presented in Chapter Three suggests that 
the high topography of the Hangay is not the result of intraplate uplift and is instead a 
relict geographic feature that has existed on the landscape since at least the Mesozoic. 
Volcanism in the region is considerably younger than the timing of uplift of the Hangay, 
which began in the Oligocene and continued into the Holocene. Unlike the uplift, the 
Cenozoic volcanism is the result of intraplate processes; New evidence presented in 
Chapters One and Two suggest a diffuse mantle upwelling may be the primary 
mechanism that generates the Cenozoic volcanism in central Mongolia, though the exact 
cause cannot be explained by geochemistry and geochronology alone.  
 
A common explanation for intraplate volcanism is the presence of a mantle plume. The 
results of Chapters One and Two present why a mantle plume cannot explain the 
volcanism in central Mongolia; volcanism is small in volume, has occurred sporadically 
over more than 30 million years, shows no obvious spatial migration with time, is 
predominantly composed of magmas produced by relatively low degrees of melting, and 
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shows little evidence for a large buoyance flux in the form of dynamically supported 
topography. Additionally, the lack of primordial 3He/4He isotopic compositions suggests 
melts were not generated in the deep mantle (Barry et al., 2007). As a result, we can 
resolve that intraplate volcanism does not require the presence of a mantle plume.  
 
Delamination of the lower crust has been used to explain both the uplift and volcanism in 
central Mongolia. As noted in Chapter One, the lack of a defined pulse of volcanism and 
coeval uplift provide little support for a delamination model to explain the volcanism in 
the area. Cenozoic volcanism across northern China, Mongolia and southern Siberia has 
somewhat similar isotopic compositions that may suggest it formed from a similar source 
and/or by similar process. Delamination of lithosphere is unlikely to cause volcanism 
across such a wide area. Recent seismology investigations indicated there is a thick crust 
beneath the region (Stachnik et al., 2013), which would suggest that a root has not 
recently delaminated. In addition, U-Pb dating of zircons in the lower crustal xenoliths, 
suggests the lower crust formed in the Permo-Triassic. This finding also rules out any 
Cenozoic delamination event, as younger lower crustal material would be expected to 
underplate following delamination.  
 
As noted in Chapter One and Two, a mantle upwelling may be the most favorable 
mechanism to explain the intraplate volcanic rocks in the region, though my data cannot 
identify the exact cause of the upwelling. Shear driven upwelling and edge driven 
convection both provide means to produce mantle upwellings and melting anomalies in 
continental interiors without the existence of a deeply sourced mantle plume. Perhaps the 
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most compelling explanation for a mantle upwelling in central Mongolia is from hydrous 
melting of material in or above the mantle transition zone (MTZ) caused by the release of 
fluids from hydrated and altered subducted slabs. Melting due to hydration of the MTZ 
by either the Mongol-Okhotsk or Pacific slab could explain the geochemical signatures 
observed and produce the melting anomalies in the area. Additionally, upwelling 
originating at the MTZ is supported by recent geophysical investigations in the area 
(Chen et al., 2015). Shear driven upwelling, edge driven convection, and flux melting in 
or above the MTZ all can explain the intraplate volcanism in the region, without the need 
for a mantle plume or collisional tectonics, though determining the exact processes 
contributing to mantle upwelling is beyond the limits of my data.   
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Table S1. Basalt geochronology sample descriptions 
 
Sample Irradiation   Type Grade Lab Notes 
CI-11-1 
I57 GM C- 
fine grain. Med grey. Brittle. Plag glass oxides 
pyroxene all small. Brittle. Lots of olivine in 
almost all grains.   
CI-11-2 
I57 GM C Coarse grain. Brittle. Light grey. Large plag xtals.  Lots of olivine larger olivine removed.  
CI-11-3 
I57 GM C+ med coarse grain. Light grey. Large glass and plag.  Brittle.  
CI-11-4 
I57 GM B very dark fine grain. Some larger plag or glass. Mineral id not possible.  
CI-11-6 
I57 GM C- med grain. Lots of olivine that is altered to a red brown color. Grains are brittle.   
CI-11-11 
I57 GM B+ med coarse grain. Large plag and glass medium oxides and pyroxene. 
CI-11-12 
I57 GM B 
med grain very dark. Oxides and pyroxene 
dominant.  Glass my be very dark as well. Some 
larger Plag.  
11mola1 I57 GM B light grey. Plag and glass dominant. Small oxides and pyroxene 
11mola2 I57 GM B 
fine grain dark. Minor red discoloration of some 
mineral in few grains, possibly olive alteration. 
Glass, plag oxides, pyroxene look ok 
11mola3 I57 GM B 
Fine grain. Plag and glass dominant. Small 
mafic. Some light green yellow tint to some 
GM grains. 
11mola4 I57 GM B fine grain dark. Some larger euhedral plag. Minor altered olivine removed 
11mola5 I57 GM B 
fine grain very dark hard to id minerals. Some 
larger plag xtals. Minor olivine phenocrysts. 
Some may have been altered to iddigsite 
11mola6 I57 GM C- 
med to coarse grain. Large glass and plag. Some 
glass and olive discolored. Smaller pyroxene 
and oxides. Large olivine and glass grain 
removed. 
11mola7 I57 GM B- Med grain. Plag, glass, oxides, mafics. Minor olivine. Some slight red discoloration  
11mola8 I57 GM B+ Fine to med grain dark gm. Minor olivine in most grains  
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11mola9 I57 GM C+ 
fine grain. Plag, glass, pyroxene, oxides. All 
grains have a slight red tint. Possibly some 
alteration of glass or olivine. Some large altered 
olives removed 
11mola10 I57  GM B 
med grey opaque grains. Med grain. Larger plag 
and glass. Plag sometimes euhedral. Small 
oxide and pyroxene.  
11mola13 I57 GM B+ 
med grain light grey. Plag and glass dominant. 
Small oxides and pyroxenes. Some large olivine 
removed.  
11mola14 I57 GM B+ med color. Med grain. Plag, glass, pyroxene. Oxides.  
11mola15 I57 GM B+ med to dark grey. Fine to med grain. Minor olivine 
11mola16 I55 GM B- 
ok GM. Med grain. Gm dominated by plag. 
Minor oxides and mafics. Some brown 
devitrified glass. No other phenocrysts 
observed.  
11mola17 I55 GM C- 
avg to poor gm. Med grain. Clear plag. Minor 
mafic minerals. Some brown/red devitrified 
glass. Minor olivine.  
11mola18 I55 GM C 
avg GM. Pale yellow gm grains. Possible 
devitrified glass. Gm is mostly plag, glass, 
oxides. Very minor pyroxene and olivine 
phenocrysts.  
11mola19 I55 GM A 
good gm. Med grain. GM mostly clear. 
Euhedral plag. Smaller oxides. Some large glass 
grains. Little to no olivine. 
11mola20 I55 GM B 
Good gm. Large plag, smaller pyroxene and 
oxides. Glass and plag are clear. Some olivine 
phenocrysts. 
11mola21 I55 GM B- 
avg GM. Very fine. minor olivine and pyroxene 
phenocrysts picked out. Possible minor 
devitrified glass 
11mola22 I55 GM B 
ok GM. Large pyroxene. Gm dominated by 
pyroxene and glass. Mafics are very minor and 
small. Glass and pyroxene are clear. Some large 
glass chips. 
11mola23 I55 GM B- 
avg GM. Fine. Mix of oxides, plag pyroxene 
and some olivine in GM. Some minor 
devitrified glass.   
11mola24 I55 GM B- 
avg GM. Fine grain . Plag phenocrysts left in. 
Even mix of large pyroxene, plag and oxides. 
Minor amounts of small olivine. Minor red 
minerals picked out possibly devitrified glass. 
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11mola25 I55 GM B 
ok GM. Dominated by plag and glass, minor 
mafics. Some very minor red minerals in gm 
picked out. Possibly devitrified glass-very 
minor. 
11mola28 I55 GM B 
OK GM. Med grain. Lots of olivine, moderately 
magnetic. Plag is clear, glass is clear. Minor 
pyroxene, olivine picked out, mostly in 
phenocrysts.   
11mola29 I55 GM C 
avg GM. Coarse grain. Large milky plag. 
Mafics and oxides also large. Some red 
minerals picked out. Minor olivine phenocrysts  
11mola30 I55 GM C+ ok GM, small gm all minerals 
11mola31 I55 GM C 
GM has some pale yellow grain. Possibly 
olivine or devitrified glass. Dominated by plag. 
Small oxides and pyroxene. 
11mola33A I55 GM B Ok GM. Some olivine. Med grain plag. Plag is milky/grey. Small oxides.  
llmoal33B I55 GM C+ Med Grain, plag, glass dominant. Minor olivine. Red/brown mineral in GM (picked out) 
11mola34 I55 GM C 
Fine grain GM dark. Lots of plag phenocrysts. 
Picked Gm. Often with large plag grains left in 
if attached to GM. Some pyroxene and olivine 
phenocrysts were not picked.  
11mola35 I55 GM  B+ 
good GM. Fine grain. Dominated by plag and 
glass minor oxides and pyroxene. Minor olivine 
phenocrysts 
11mola36 I55 GM C+ 
average GM. Very magnetic. Small magnetite 
grains in gm.  GM is pale yellow to clear. Plag 
and mafics are all small.  
11mola37 I55 GM C- poor GM. Lots of olivine. Some devitrified glass. GM has some small red minerals.  
11mola38 I55 GM C+ 
Large grain GM. Plag and glass are dominant. 
Large plag. Some is milky. Med to large 
pyroxene and oxides  
11mola39 I55 GM C+ 
Med Grain GM. Some pale yellow to brown 
discoloration of GM. Dominant minerals are 
Plag and glass with minor olivine, pyroxene and 
oxides  
11mola40 I55 GM B 
good GM, small mafics larger plag. Plag is 
clear. Some minor olivine. Few white milky 
colored unknown minerals. Some small 
pyroxene in gm.  
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11mola41     F NOT PICKED. Strong reaction with HN03 
11mola42a I55 GM B 
good gm, med grain, larger plag, glass, mirror 
smaller oxides and pyroxene. Some large 
red/brown minerals removed 
11mola42b I55 GM B 
good gm, med grain, larger plag, glass, minor 
smaller oxides and pyroxene. Some large 
red/brown minerals removed 
11mola43 I55 GM D+ 
Med grain GM. Most has a red/yellow tint. 
Possibly altered. Sample had weak reaction 
with HN03 
11mola44 I55 GM C 
Fine grain Gm. Dark. Some grains had 
red/yellow grains picked out. Minor olivine 
phenocrysts  
11mola45 I55 GM B- 
Med grain. Plag glass dominate. Smaller oxides 
and pyroxene. Most gm has a red yellow tint. 
Clearest gm picked out 
11mola46 I55 GM B- 
med grain GM. Lots of olivine phenos. Some 
olivine has been altered to iddingsite.. Gm 
dominated by plag with mafics and minor 
olivine. 
11mola47 I55 GM B- 
Med to coarse grain GM. Large plag and glass. 
Smaller oxides and pyroxene. Some minor 
olivine. Some gm has red yellow tint possibly 
alteration.  
11mola48 I55 GM B 
Fine to Med Grain GM. Milky to clear. Plag 
and glass most abundant. Minor small oxides 
and pyroxene. Some olivine picked out. Some 
grains have an white/yellow tint. Some larger 
plag and plag phenocrysts 
11mola49 I55 GM B 
Fine grain. Plag and glass dominant. Small 
mafics. Some light green yellow tint to some 
GM grains. 
11mola50 I55 GM B fine grain GM. Dark. Some plag phenocrysts. Minor olivine phenocrysts.  
11mobi1 I57 GM C- chalky white grains. Med grain. Some red brown discoloration 
11mobi2 I57 GM C fine to med grain. Chalky. Plag and glass dominant  
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11mobi3 I57 GM B dark gm. Fine mafics. Med sized plag. Some olivine phenocrysts removed.  
11mobi4 I57 GM B- 
med grey opaque grains. Med grain. Larger plag 
and glass. Plag sometimes euhedral. Small 
oxide any pyroxene.  Some grains had slight 
yellow tint removed 
11mobi5 I57 GM B- Fine to med grain. Plag and glass larger and dominant. Minor small oxides and pyroxene 
11mopz1 I57 GM C- Discolored pale yellow GM. Some olivine. Possibly some alteration of glass.  
11mopz2 I57 GM B 
Med to fine grain GM. Plag, glass, pyroxene 
and oxides dominant.  Some large plag 
phenocrysts picked out. Minor white chalky 
grains removed.  Some GM is slightly darker, 
most is light  
11mopz3 I57 GM B- Med grain GM, very light. Minor mafics. Some olivine possible, some gm has a pale green tint 
11mopz4 I57 GM B- Med grain GM, very light. Minor mafics. Some olivine possible, some gm has a pale green tint 
11mopz8 I57 GM A 
Med grain, salt and pepper. Plag, glass, 
pyroxenes oxides. No phenocrysts. A few red 
minerals picked out 
11mopz9a I57 GM B- 
Fine grain. Some large plag, lots of olivine 
megacrysts. Not all olivine was picked out. Lots 
of olivine in GM 
11mopz10 I57 GM D- Reactive 
11mopz11 I57 GM D- 
Reactive with nitric. Visually not bad. Clean 
looking GM. Minor grains have red/brown 
alteration minerals. Med grain. Plag and glass 
dominant. Smaller mafic minerals.  
11mopz12 I55 GM B+ 
Good gm. Med grain. Minor large glass grains 
picked out. Some large red minerals picked out. 
Gm looks fairly clean mostly glass and plag 
with minor oxides and pyroxene 
11mopz13 I57 GM C 
Large grain GM. Glass, plag, pyroxene, olivine 
and oxides present.  Larger more mafic GM or 
phenocrysts picked out.  
11mopz14 I57 GM B Med to fine grain GM. Opaque grains. Glass and plag dominant minor oxides and pyroxene.  
11mokw006 I57 GM B 
Med grain GM. Minor olivine, some red/yellow 
grains picked out.  Pyroxene, plag, glass oxides 
dominant 
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11mokw007 I57 GM B Very dark fine grain HM. Abundant plag phenocrysts.  
11mokw005 I57 GM D 
Reactive with nitric. Picked for SH. Fine grain 
grungy GM. Some discoloration. Minor red 
brown grains removed  
11mola51 I55 GM B 
Very dark fine grain GM. Mafic minerals seem 
dominant, hard to see. Some olivine and plag 
phenos picked out 
11mola52 I55 GM D 
Dark med grain GM. Abundant Olivine, 
pyroxene. Glass is dark/maybe altered. Some 
larger Plag xtals. Chalky white mineral picked 
out.  
11mola53 I55 GM C- Large grain GM. Plag, glass, pyroxene, oxides. Most gm has a red yellow tint. Possibly altered  
11mola54 I55 GM C+ 
Med Grain GM. Some olivine pehneos, some 
are altered to iddingsite. Some minor olivine in 
GM. Mostly Plag and glass with small oxides 
and pyroxene  
11mola55 I55 GM C Med grain Gm. Lots of olivine. Some evidence of alteration.  
11mola56 I55 GM C- med grain Gm. Picked for TF  
11mola57 I55 GM C Very dark GM. Fine grain, lots of pyroxene and oxides, minor large plag. 
11mola58 I55 GM C 
Light med to large grain GM. Some 
brown/yellow discoloration of a few grains. 
Large pyroxene. 
11mola59 I51 GM B Ok Gm. Picked for tf.  Olivine dominate in gm, very fine grained.  Pyroxene phenocrysts  
11mola60 I51 GM B+ Good Gm. Picked for SH ~25mg.  Grains are mostly darker.  Some milky white grains? 
11mola61 I51 GM A- 
good Gm. Fine grained, Picked for TF ~4.5mg.  
Grains are light , very fined grained mafic.  
Minor olivine and pyroxene microclines  
11mola62 I51 GM C- 
Sub Par Gm. Coarse grained, picked for TF. 
Lots of pale yellow and amber grains (olivine, 
pyroxene?) 
 158  
11mola63 I51 GM B+ 
Good Gm. Lots of very small mafics, overall 
grains are dark.  Fine grained. ~6.5gm for TF, 
very minor pyroxene and olivine microlites.  
11mola64 I51 GM B- Average Gm. Medium grain ~3.2mg picked for TF.  Some plag. and olivine microlites 
11mola65 I51 GM C- 
Coarse grained Gm. Lots of pale yellow 
polymineralic grains. TF  Picked clear w/ 
abundant mafics ~2.5mg. 
11mola66 I51 GM C 
Fine to Medium grain GM. Lots of amber and 
pale yellow grains, milky white brittle grains, 
lots of picking TF 
11mola67 I51 GM B- 
Fine grained very mafic Gm. Grains nearly 
black. ~4.1mg Picked Gm for TF. Some 
elongate plag in dark gm grains.  LM could be 
picked for plag.  Some plag microlites, some 
pale yellow grains. 
11mola68 I51 GM B Fine to Med grain Gm. Lots of pale yellow gm grains, picked mostly clear 3.6mg TF 
11mola69 I51 GM B- 
very fine grained Gm w/ lots of mafics. 
~24.2mg Picked for SH.  Dark grains. Some 
minor olivine and plag microlites? 
11mola70 I51 GM B 
Avg Gm. Fine to med grain, Picked for ~2.6mg 
TF. some pale yellow green in grains likely 
olivine. 
11mola71 I51 GM B- 
med grain Gm.~3.9mg Picked for TF.  Lots of 
small olivine? In gm.  Most greens have a green 
yellow tint, clearest grains picked 
11mola72 I51 GM C- 
med grain Gm. Picked for ~2.8mg TF. Grains 
have a red yellow tint, alteration?.  Some larger 
pyroxene and plag grains 
11mola73 I51 GM B fine to med grain some olivine. ~3.5mg for TF.  A few grains have light red to ruby color  
11mola74 I51 GM C+ 
Med grain very dark gm. Picked for~3.2mg TF.  
Loaded with mafics, pyroxene? Some brittle 
grains, Plag phenos, LM could be picked for 
plag 
11mola76 I51 GM B 
Med grain Gm. ~3mg picked for TF good clear 
pl or glass with a few small mafics.  Some 
grains have olivine. 
11mola77     F NOT PICKED, Strong reaction w/ HNO3 
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11mola78 I51 GM B Fine grained dark Gm. ~3.9mg Picked for TF. Some dark red grains 
11mola79 I51 GM C 
coarse grain, Lots of mafics in clear glass/plag.  
Picked for TF.  Some orange dark red grains. 
Sample was sticky  
11mola80 I51 GM C+ 
Med grain, clear to light grey gm.  ~3mg. Some 
small mafics and a fair amount of olivine in 
some gm. Picked for TF 
11mola81 I51 GM B- 
very dark, med grain gm.  ~3.1mg Picked for tf.  
Lots of pyroxene in gm.  Some plag phenos.  
Moderate olivine in Gm  
11mola82 I51 GM B- 
fine to Med grain Gm,~3.2mg Picked for TF 
most has a light yellow to grey tint.  Possibly 
from olivine or alteration, finem mafics.   
11mola83 I51 GM B 
Med Grain GM ~20mg Picked for SH.  Light 
colored grains. Some have yellow/green tint. 
Possibly olivine, few plag phenos, mafics are 
fine grained  
11mola84a I51 GM C- fine to med GM. Med grey. ~3.1mg Picked for TF.  Most grains have small red/orange xtals? 
11mola84b I51 GM C- fine to med GM. Med grey. ~2.6mg Picked for TF.  Most grains have small red/orange xtals? 
11mola85     F NOT PICKED, Strong reaction w/ HNO3 
11mola86     F NOT PICKED, Strong reaction w/ HNO3 
11mola87 I51 GM B 
fine to med grain GM. ~22mg Picked for SH.  
dark lots of mafics. Some grains have small red 
grains, picked out Some olivine phenos 
(yellow).   
11mola88 I51 GM B 
fine to me grain, dark.  ~3.4mg picked for TF.  
Some chalky white brittle grains.  Some small 
red brown xtals in gm 
11mola89 I51 GM B+ med grain, light. ~4.6mg picked for TF.  Some grains have a red/yellow tint (picked out)  
11mola90 I51 GM C 
fine to med grain, med/light color ~3.2mg 
picked for TF some grains have green tint/xtals 
olivine? Other red/yellow grains? Mafics 
generally small.   
11mola91     F NOT PICKED, Strong reaction w/ HNO3 
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11mola92 I51 GM C- 
med to coarse grain. Light color to clear ~2.8mg 
GM picked for TF. Olivine in gm.  Some dark 
red orange xtals in GM and as phenos.  Mafics 
medium grain size  
11mola93 I51 GM D 
Fine to med grain GM. ~3.4mg GM Picked for 
TF. Light color though all grains have a red 
brown tint. Olivine phenos.  Large dark red 
xtals.  Some chalky brittle grains.  
11mola94 I51 GM C 
Fine to med grain GM ~3.4mg GM picked for 
TF.  Most/all grains have green tint, lots of 
olivine? 
11mola95 I51 GM C 
Med to lrg grain GM.  ~4.1mg picked for TF. 
Olivine phenos.  Some grains have a dark/green 
tint maybe olivine.  Larger and abundant mafics  
11mola96 I51 GM C 
med grain GM. ~20mg picked for SH.  Lots of 
olivine. Most grains have a slight green tint.  A 
few chalky white grains, minor larger olivine 
phenos.  A few grains have some red/brn 
11mola97 I51 GM C+ 
fine to med grain GM.  ~3.3mg picked for TF.  
Small mafics, generally clear plag/glass.  Slight 
discoloration in some gm, green to red tints.  A 
few larger red xtals.  Some very dark grains 
pyroxenes? , a few chalky grains.   
11mola98 I51 GM C- 
med to lrg grain GM.  Most off color, red tint 
some w/ green tint. ~3.2mg picked for TF.  
Grains lack good clarity.  Some chalky grins.  
Plag. Phenos.   
11mola99 I51 GM C- 
med grain GM. Most has a green tint (olivine?) 
~mg picked for TF.  Lots of white chalky 
grains. 
11mola100 I51 GM B- 
fine to med GM.  Some grains have red brown 
tint.  Clear grains picked for TF (4.04mg).  
Some large red/brown/yellow grains.  A few 
large mafics but mostly small in GM. 
11mola101 I51 GM C- 
Coarse GM, Picked GM for TF.  Picked from 
LMM fraction.  Lots of plag or glass 
phenocrysts.  Large pyroxene grains.  Some 
grey brittle grains.  A few red/brown grains 
11mola102     F NOT PICKED, Strong reaction w/ HNO3 
11mola103 I51 Plagioclase C 
Picked for plag TF (29.7mg).  Very coarse 
grain.  Plag is clear, some slight yellow tint, a 
few milky grains.  Plag is not 100% pure some 
grains have some darker mafic minerals 
11mola104 I51 GM B- 
Picked GM for TF (8mg). Fine grain gm, most 
grains have a yellow/green tint.  Some plag 
Phenocrysts  
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11mola105 I51 GM C- 
Picked GM for TF (10.4mg). Very 
dark/magnetic coarse.  Ran hand mag over MM 
fraction then picked remainder 
11mola106 I51 GM B- 
Picked GM for TF (7mg. Med grain gm. Some 
off color grains, slight brow color.  Most grains 
are fairly dark, mafics  
11mola107 I51 GM B 
fine to med GM. Picked gm for TF. Mostly 
clear/white grains with small mafics.  Removed 
several white chalky brittle grains?  
11mola108 I51 GM C- 
med grain GM. Picked for TF (6.7mg). Most 
grains are discolored, yellow/brown/green.  
Some chalky brittle grains picked out. Possibly 
a lot of olivine?  
11mola109 I51 GM C- very dark very magnetic GM, Picked for TF 
11mola110 I51 GM C 
Fine grain GM. Picked for TF (8mg).  Very 
magnetic. Could not use pin to pick. Gm is light 
in color with very fine mafics, likely lots of 
magnetite.  Some olivine phenocrysts.  Some 
grains have small red-brown xtal  
11mola111 I51 GM C 
Fine Grain GM.  Picked for TF (6.8mg) very 
magnetic.  Hand mag 70% off of LM fraction.  
Olivine phenocrysts.  Some grain have a red 
tint.  
11mola112 I51 GM C 
Fine to med Grain GM. Picked for TF. Fairly 
magnetic.  Lots of olivine phenocrysts. Some 
red/brown phenocrysts pyroxenes? 
11mopz15 I55 GM B Very dark fine grain. Some small plag and olivine phenocrysts (DUPLICATE IN I56) 
11mopz16 I57 GM D 
Reactive with nitric, Light colored finer grain 
GM. Opaque grains. Glad and plag likely 
dominate. Minor pyroxene and oxides. Some 
grains have a pale green tint-removed  
11mopz17b I57 GM B+ 
Med grain GM. Plag and glass are dominant 
with minor oxides and pyroxene. Salt and 
pepper appearance.  Minor olivine phenocrysts 
removed.  
 162  
11mopz17 I55 GM B+ 
Med grain GM. Plag and glass are dominant 
with minor oxides and pyroxene. Salt and 
pepper appearance.  Minor olivine phenocrysts 
removed.  
11mopz18 I57 GM C- 
Most grains discolored. Evidence of alteration. 
Med to large grains GM. Lots of plag and glass. 
Oxides and pyroxenes smaller. Some grains 
have green yellow tint likely abundant olivine.  
11mopz19 I57 GM D- 
Reactive with nitric. Very dark grm. Mafic 
minerals abundant. All grains have a red brown 
discoloration. 
11mopz20a I55 GM C- 
Med grain dark GM. No phenocrysts. All grains 
have a slight green yellow tint. Possibly 
abundant small olivine or some slight alteration. 
Plag, glass, pyroxene and oxides are dominant  
11mopz20b I57 GM C- see above, duplicate sample  
11mopz15b I57 GM B Very dark fine grain. Some small plag and olivine phenocrysts (DUPLICATE IN I56) 
12MOLA01 
I58 GM C 
Med grain. Lots of altered olivine. Most 
removed. Plag, glass, pyroxene and oxides 
looked ok 
12MOLA02 
I58 GM C+ 
Coarse grain. Large plag and mafic minerals. 
Minor olivine. Grains with red/brown 
discoloration removed.  
12MOLA03 
I58 GM D 
Med to coarse grain. Plag, glass, mafics. 
Abundant olivine with signs of alteration. Most 
olivine removed  
12MOLA04 
I58 GM C 
Med to course grain. Large plag and mafic 
minerals. Abundant olivine. Large olivine 
removed. Some grains have red brown tint 
12MOLA05 
I58 GM C+ 
Med grain. Plag, glass mafics all near equal in 
size and abundance. Some red/brown minerals 
removed 
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12MOLA06 
I58 GM C 
Med grain, plag, glass, pyroxene all abundant. 
Some mafic xenocrysts removed. Some grains 
have red brown color possibly altered olivine.  
12MOLA07 
I58 GM C 
Med grain. Plag, glass, mafics, olivine. Large 
olivine looks clean removed. Some grains have 
red brown spots possibly devitrified glass.  
12MOLA08 
I58 GM B- 
Med to coarse grain. Plag and glass abundant 
with smaller oxides. Clear light grey mineral. 
Possibly pyroxene or glass?  
12MOLA09 
I58 GM B 
fine grain dark. Some plag phenocrysts left in. 
Picked for SH. No olivine or significant 
alteration observed 
12MOLA10 
I58 GM B Fine grain dark. Plag phenocrysts removed. While opaque chalky grains removed.  
12MOLA11 
I58 GM B- 
Plag dominant, with some glass? Very light 
color. Some minor mafics. Lots of olivine 
megacrysts removed  
12MOLA13 
I58 GM C+ 
med to coarse grain. Plag and glass abundant. 
Some glass may show minor alteration with a 
red/brown color. Minor oxides and pyroxene. 
Some clean olivine megacrysts removed.  
12MOLA14 
  GM F 
high degree of alteration. Lots of chalky white 
minerals. All olivine is alters. GM is very fine 
grain and not distinguishable.  
12MOLA15 
I57 GM C- 
fine grain. Med grey in color. Very brittle. 
Mineral id difficult. Evidence of alteration. 
Some grains have red/brown larger xtals.  
12MOLA16 
I58 GM B+ Fine grain, med gray. Minor plag phenocrysts. No alteration apparent. Picked for SH 
12MOLA17 
I58 GM C 
Coarse grain. Brittle. Large plag and glass. Med 
sized oxides and pyroxene. Some olivine 
present. Minor alteration. Grains have a 
yellow/brown tint 
12MOLA18 
I58 GM C 
Large euhedral plag in fine grain dark Gm. 
Picked fraction has large plag and fine grain 
gm. Clean plag without GM was removed.  
12MOLA19 
I58 GM C Very dark glass with plagioclase megacrysts 
12MOLA20 
I58 GM B- Med to coarse grain. Large pag and glass, smaller mafics. Minor olivine.  
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12MOLA22 
I57 GM B 
large grain light color. Large plag. Abundant 
glass. Smaller oxides and pyroxene. Larger 
glass is devitrified. Only clean grains picked. 
12MOLA23 
I58 GM C- 
Fine grain. All grains have slight red/brown tint. 
Large red/brown megacrysts removed possibly 
altered olivine 
12MOLA24 
I57 GM C 
large chunky grains. Plag, glass, pyroxene and 
oxides all abundant. Some minor olivine. 
Minerals are all large. Some white chalky grains 
removed 
12MOLA25 
I58 GM C 
Med grain. Light color. Plag nd glass dominant. 
Smaller mafics. Some grains have a slight green 
tint. Possibly small olivine in GM.  
12MOLA26 
I58 GM D Med to coarse grain. Lots of large plag. Discoloration in most grains.  
12MOLA27 
I58 GM B 
Med grain. Plag, glass, pyroxene and oxides all 
present. Some grains with large olivine crystals 
removed. Some minor red brown discoloration 
in few grains 
12MOLA28 
I58 GM D Fine to med grain. Brittle. Lots of altered olivine in Gm and as phenocrysts 
12MOLA29 
I58 GM B 
Med grain. Plag, glass larger. Smaller pyx and 
oxides. Minor olivine and pyroxene phenocrysts 
removed 
12MOLA30 
I58 GM C- 
Med grain. Plag, glass, pyroxene all abundant. 
Many grains show discoloration and evidence 
of alteration. Possibly abundant altered olivine.  
12MOLA31 
I57 GM C- 
very brittle. Fine grain light grey gm. Plag, 
glass, pyx and oxides all small. Larger 
unidentified pale white yellow mineral in all 
grains. Best effort to remove.  
12MOLA32 
I58 GM C 
Very dark Med grain. Plag, glass mafics. Some 
chalky white brittle grains removed. Few 
red/brown grains removed. Some altered 
looking olivine removed.  
12MOLA33 
I58 GM B Fine grin dark groundmass with plag phenocrysts 
12MOLA34 
I57 GM C 
large grain light color g,. Plag and glass 
dominant and large. Smaller oxides and 
pyroxene. Pale blue mineral? 
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12MOLA35 
I58 GM B Fine grain dark gm. Some plag phenocrysts 
12MOLA36 
I58 GM C 
Coarse grain. Plag and glass dominant. Small 
oxides. Abundant olivine phenocrysts removed. 
Olivine shows slight alteration  
12MOLA37 
I57 GM C 
Med to coarse grain. Large plag and glass. 
Some glass my be devitrified. Yellow/red grains 
removed. Some olivine possible. Smaller oxides 
and pyroxene 
12MOLA38 
I57 GM C- 
Light color med grain. Larger plag and glass. 
Smaller oxides and pyroxene. Lots of olivine. 
Most grains have a yellow green tint.  
12MOLA39 
I58 GM C- Med grain. Plag and mafics. Abundant olivine removed. Some may be present in GM.  
12MOLA40 
I58 GM C- 
coarse grain. Glass shards and plag picked with 
minor small mafics. Lots of large pyroxene and 
olivine removed 
12MOLA41 
I57 GM C 
very fine grain. Med grey. Mineral id difficult. 
Some large altered olivine removed. Some 
white chalky brittle grains also removed. 
12MOLA42 
I58 GM B- Med grain, plag and glass dominant. Smaller mafics. Some altered olivine removed 
12MOLA43 
I57 GM B+ 
Light color. Med grain. Abundant plag and 
glass. Smaller less abundant pyroxene and 
oxides. Some minor small unaltered olivine.  
12MOLA44 
I58 GM B+ Med to fine grain. Plag and glass dominant. Smaller mafics.  
12MOLA45 
I58 GM D 
med grain. Lots of brown/red tints in grains. 
Olivine phenocrysts removed looked clean. 
Mafics, plag and glass look near equal in size.  
12MOLA46 
I58 GM D 
Very coarse grain. Plag xtals and glass shards 
picked. Abundant large pyroxene crystals 
removed. Large olivine also removed. Some 
grains have small red/brown minerals 
12MOLA47 
I58 GM B 
Med grain. Plag and glass dominant with 
smaller mafics. Minor olivine with slight 
alteration removed  
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12MOLA48 
I58 GM B+ 
Fine grain, mineral ID difficult Plag and glass 
likely dominant with small mafics. Some minor 
olivine removed.  
12MOLA49 
I58 GM B med grain plag and glass. Some plag phenocrysts removed.  
12MOLA50 
I58 GM B- 
Fine grain dark. Abundant olivine phenocrysts 
that were slightly altered. Minor plag 
phenocrysts. Most olivine was removed but 
some small xtals in picked grains may remain. 
Watch for recoil redistribution in step heat 
12MOLA51 
I58 GM C Med grain gm. Plag and glass dominant. Small oxides and pyroxenes. Abundant altered olivine.  
12MOLA52 
I58 GM B+ 
Fine grain. Clean looking GM. Minor plag 
phenocrysts. Few yellow white opaque grains 
possibly vesicle fill removed.  
12MOLA53 
I58 GM B 
Med grain. Light grey. Plag, glass, pyroxene, 
oxides. Some small olivine. Visible olivine 
removed.  
12MOLA54 
I58 GM A- 
fine grain. Glass and plag dominant. Small 
mafic minerals can’t ID. Minor plag 
phenocrysts removed. Few grain with 
red/discoloration/alteration  
12MOLA55 
I58 GM A 
fine grain very dark. Minerals too small to ID in 
groundmass. Some clean plag and olivine 
phenocrysts removed.  
12MOLA56 
I57 GM A- dark fine to med grain gm. Plag, pyroxene oxides. Some large dark glass removed.  
12MOLA57 
I58 GM C+ Med grain very light. Plag and glass dominant very small mafics. Possibly some olivine in GM 
12MOLA58 
I58 GM B- 
Dark, fine grain gm. Some grains have 
red/brown tint. May have altered olivine in GM. 
Red brown grains removed  
12MOLA59 
I58 GM B 
med to fine grain dark. Slight green/grey tint. 
Possibly very small olivine in GM. Some shards 
of dark/black glass removed  
12MOLA60 
I58 GM A- med grain plag and glass dominant. Minor small mafics  
 167  
12MOLA61 
I58 GM C+ 
Fine grain dark. Plag, glass, pyroxene and 
oxides all abundant. Some grains with slightly 
larger olivine were slightly altered and 
removed. 
12MOLA62 
I58 GM C+ fine grain very dark. Some altered olivine removed. 
12MOLA63 
I58 GM B 
Med to fine grain. Plag and glass dominant with 
small mafic minerals. Abundant olivine 
megacrysts removed.  
12MOLA64 
I58 GM C- Fine grain. Lots of altered olivine removed 
12MOLA65 
I58 GM B Good clean GM. Med grain plag, glass mafics. Lots of olivine mega cysts removed.  
12MOLA66 
I58 GM A- Med grain Gm plag nd glass abundant. Small mafics. Some plag phenocrysts.  
12MOLA67 
I58 GM B 
Med grain. Plag and glass dominant. Slightly 
smaller mafics. Minor grains with red/brown 
minerals possibly altered olivine those grains 
were removed.  
12MOLA68 
I57 GM B   
12MOLA69 
I58 GM C+ 
Plag and glass dominant. Opaque plag. Some 
Pyroxene phenocrysts removed. Few small 
oxides.  
12MOLA70 
I58 GM B 
light color. Med grain plag and glass. Milky 
appearance. Some large mafic minerals 
removed. Most mafics are small in size. 
12MOLA71 
I58 GM D 
Tan color med grain. Evidence of alteration 
some grains are tan/brown. Possibly alteration 
of glass. The most discolored grains were 
removed. 
12MOLA72 
I58 GM C Med grain. Plag, glass mafics. Some evidence of small altered olivine. Most removed  
12MOLA73 
I58 GM B+ 
Med to fine grain. Plag and glass abundant with 
small mafics. Some grains that may have altered 
olivine removed.  
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12MOLA74 
I58 GM B Light grey, med grain. Some clay grains removed. Large clean olivine grains removed.  
12MOLA75 
I58 GM B med grey fine grain. Some grains with red brown coloration removed  
12MOLA76 
I58 GM A- light grey. Glass and plag dominant. Med grain. Small minor  pyroxene and oxides.  
12MOLA77 
I58 GM B+ Fine grain. Med grey. Some grains have slight green tint may have olivine in the GM. 
12MOLA78 
I58 GM B- 
Fine to med grain. Polymineralic. Plag. Glass, 
mafics. Grains somewhat brittle and were 
breaking up 
12MOLA79 
I58 GM B 
Med to fine grain. Plag and glass dominant. 
Smaller mafic minerals. Some chalky white 
grains removed. Minor plag phenocrysts  
12MOLA80 
I58 GM A 
Fine grain. Med to dark grey. Elongate 
minerals. Plag and mafics abundant. Minor 
olivine.  
12MOLA81 
I58 GM B- 
med/fine grain dark gm. Glass, plag, mafic 
minerals all abundant. Some red brown 
alteration possibly from altered olivine  
12MOLA82 
I58 GM C light color 
12MOLA83 
I58 GM B- 
med grain. Glass, plag, pyroxene, oxides. Lots 
of clean olivine megecrysts removed. Some 
grains have some red/brown minerals, altered 
glass? 
12MOBI-05 
I58 GM B+ 
Med fine grain. Plag, glass, oxides pyroxene 
Some minor small olivine in GM looks clean. 
Removed if large 
12MOBI-06 
I58 GM C 
Coarse grain. Plag and glass dominant with 
small mafics. Some larger pyroxene 
phenocrysts removed 
12MOBI-07 
I58 GM C- 
Coarse grain. Plag/glass with some small oxides 
picked. Minor discoloration of some GM. 
Megacrysts of pyroxene and olivine removed.  
DS13-01         
DS13-02 I57 GM C+ 
light color. Med to large plag. Lots of glass. 
Small oxides and maybe pyroxene. Red 
minerals removed, possibly altered olivine or 
devitrified glass. More likely the later. Some 
small minor unaltered olivine. Minor white 
chalky brittle grains removed, may be 
amygdaloidal material 
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DS13-04 I57 GM B- 
Med to coarse grain. Large plag. Some glass. 
Smaller oxides and pyx. Minor large pyroxene 
grains. Some larger dark red brown minarets 
removed, possibly altered olivine? 
DS13-08 I57 GM B- 
coarse grain. Large plag and glass. Some 
devitrified glass removed. Small oxides and 
med pyroxene 
DS13-09 I57 GM B 
coarse grain. Large plag. Glass abundant. 
Smaller oxides and pyroxene. Some minor 
unaltered olivine, still green/yellow  
DS13-11 I57 GM B- 
dark fine grain. Plag, glass, pyroxene and 
oxides in somewhat equal abundance. Some 
larger elongate plag. Minor red/brown minerals 
removed possibly altered olivine. 
DS13-12 I57 GM D 
med grain g,. Red brown color. Glass may be 
devitrified. Some yellow/red olivine. Plag still 
looks clean. Small oxides and pyx. 
DS13-14 I57 GM B- 
coarse grain light color. Large glass and plag. 
Smaller pyroxene and oxides. Large altered 
olivine removed. Some grains may have small 
alerted olivine xtals.  Olivine is red brown 
possibly iddingsite  
DS13-16B I57 GM B- 
Very dark fine grain gm. A few large plag xtals. 
Few grains had a red/brown coating. Grains 
removed  
DS13-17 I57 GM C 
Coarse grain light colored gm. Large plag and 
glass. Abundant olivine removed. Pyroxene and 
oxides also large. Some white chalky brittle 
minerals removed.  
DS13-20 I57 GM A- Light color med grain gm. Plag and glass dominant. Small oxides and possibly pyroxene 
MN080312-1 I57 GM C- 
Very dark fine grin. Abundant glass. Mineral id 
difficult. Some large red/brown altered minerals 
removed.  
KW081012-
1 I57 GM B+ 
med grain, light color. Large plag. Glass also 
abundant. Minor small oxides, pyroxene and 
olivine 
KW081012-
2 I57 GM C+ 
med grain light color gm. Larger Plag and glass. 
Small oxides and pyroxene.  Felsic minerals 
dominant. So grains have a yellow color 
possibly glass alteration. Minor yellow/green 
olivine. 
KW081012-
3 I57 GM C 
Med grain. Large plag. Abundant glass. Small 
oxides and pyroxene. Abundant small olivine 
that is slightly altered. Most grains have some 
olivine large xtals removed 
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070613-01 I58       
070713-01 I58       
SGS-HP01 I58       
SHS-HP02 I58       
SGS-HP03 I58       
SGS-HP04 I58       
SGS-HP05 I58       
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Table S2. Basalt geochronology data: Ages, sample locations and field relationships  
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Table S3. Previously published basalt geochronology data from central Mongolia  
 
Age_Ma Lat Long Site_Name Reference 
0.005 48.1800 99.8800 Orog Schlupp (1999) 
0.53 ± 0.02 
48.2300 100.4300 Suman Gol Barry et al. (2003) 
0.7 ± 0.1 46.7900 101.9600 Ohron Gol Schlupp (1999) 
1.3 ± 0.1 48.2300 100.4300 Suman Gol Schlupp (1999) 
5.91 ± 0.02 
48.2300 100.4300 Suman Gol Barry et al. (2003) 
7.5 ± 0.6 48.3000 100.4700 Tariat Schlupp (1999) 
9.0 ± 0.3 47.2800 100.0300 Chulut Gol Schlupp (1999) 
20.7 ± 0.6 47.4300 101.5100 Tsetserleg Schlupp (1999) 
24.2 ± 1 46.2100 100.6400 Bayan Hongor Schlupp (1999) 
26.6 ± 0.4 44.8500 100.6900 Ikhe Bogdo Schlupp (1999) 
28.5 ± 1* 47.1800 99.8900 Egiin Davaa Devyatkin & Smelov, 1980 
30.4 ± 0.1 44.6800 102.2200 Bogd Barry et al. (2003) 
32.7 ± 0.2 43.5000 102.1700 Sevrei Barry et al. (2003) 
33 ± 0.1 43.4900 102.1600 Sevrei Barry et al. (2003) 
0.22 ± 0.03 46.9302 102.4987 
Lava Rivers on 
the SE slope of 
Hangay Yarmolyuk et al (2008) 
0.25 ± 0.05 46.5070 102.1344 
Lava Rivers on 
the SE slope of 
Hangay Yarmolyuk et al (2008) 
1.25 ± 0.10 46.4224 100.8185 
Lava Rivers on 
the SE slope of 
Hangay Yarmolyuk et al (2008) 
0.36 ± 0.06 48.2001 100.4242 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.4 ± 0.05 48.3149 100.4613 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.46 ± 0.06 48.1185 99.9404 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.47 ± 0.04 48.1105 99.9503 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.51 ± 0.04 48.1405 100.1327 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.53 ± 0.03 48.0472 100.0581 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.57 ± 0.06 48.1394 100.2747 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
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0.58 ± 0.03 48.0385 99.9905 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.6 ± 0.06 48.1134 100.0283 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.63 ± 0.05 48.1185 100.0253 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.74 ± 0.03 48.1066 100.0663 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
0.75 ± 0.04 48.4029 100.5192 
Taryat-
Chulutyn lava 
river Yarmolyuk et al (2008) 
4.55 ± 0.15  48.1742 100.3843 
Lower reaches 
of the 
Chulutyn-Gol  Yarmolyuk et al (2008) 
6.0 ± 0.2  48.3232 100.4648 
Lower reaches 
of the 
Chulutyn-Gol  Yarmolyuk et al (2008) 
6.27 ± 0.16  48.4070 100.5280 
Lower reaches 
of the 
Chulutyn-Gol  Yarmolyuk et al (2008) 
7.1 ± 0.2  48.3222 100.4677 
Lower reaches 
of the 
Chulutyn-Gol  Yarmolyuk et al (2008) 
7.6 ± 0.2  48.3319 100.5213 
Lower reaches 
of the 
Chulutyn-Gol  Yarmolyuk et al (2008) 
2.1 ± 0.1  47.1345 99.6996 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
2.7 ± 0.1  47.1388 99.7424 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
4.00 ± 0.15  47.1080 99.6847 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
4.3 ± 0.2  47.0697 99.7107 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
4.5 ± 0.2  47.0609 99.7132 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
4.8 ± 0.2  47.2855 99.9836 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
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5.0 ± 0.2  47.2070 99.8820 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
5.5 ± 0.3  47.3086 100.2178 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
7.4 ± 0.2  47.3517 100.2332 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
7.8 ± 0.3  47.3254 102.6720 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
8.0 ± 0.2  47.4838 100.2399 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
8.1 ± 0.2  47.1911 99.6477 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
8.2 ± 0.3  47.1910 99.6475 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
8.2 ± 0.2  47.4374 100.2099 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
8.35 ± 0.20  47.3336 100.1074 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
8.75 ± 0.25  47.3020 100.2190 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
9.6 ± 0.3  47.3444 100.2330 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
12.9 ± 0.3  47.4590 100.8626 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
13.8 ± 0.6  47.5839 101.1975 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
16.8 ± 0.5  47.1220 100.9423 
Watershed part 
of the Hangai 
Range Yarmolyuk et al (2008) 
39.4 44.5028 101.3410 Khaton Sudal Hankard et al., 2007 
31.5 45.4000 101.3000 Taatsyn Gol Hankard et al., 2007 
28 45.5000 101.1000 Taastyn Gol Hankard et al., 2007 
19.9 52.1000 100.3000 Ust Bokson Hankard et al., 2007 
12.7 45.5000 101.0000 Taatsyn Gol Hankard et al., 2007 
6.27 ± 0.16 
47.1999 100.1188 
Botgon Gol - 
Keck 2006 Tielke (2007) 
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7.96 ± 0.17 
47.2001 100.1159 
Botgon Gol - 
Keck 2006 Tielke (2007) 
7.97 ± 0.17 
47.2002 100.1150 
Botgon Gol - 
Keck 2006 Tielke (2007) 
8.86 ± 0.18 
47.2005 100.1117 
Botgon Gol - 
Keck 2006 Tielke (2007) 
9.97 ± 0.21 
47.2004 100.1064 
Botgon Gol - 
Keck 2006 Tielke (2007) 
9.78 ± 0.44 
47.2052 100.1031 
Botgon Gol - 
Keck 2006 Tielke (2007) 
0.53 ± 0.02 
48.2300 100.4300 Suman Gol Barry et al. (2003) 
1.3 ± 0.1 48.2300 100.4300 Suman Gol Barry et al. (2003) 
5.91 ± 0.02 
48.2300 100.4300 Suman Gol Barry et al. (2003) 
21.4 ± 0.80 
N50° 
51.10  
E100° 
10.12 Hovsgol Rasskazov et al. (2003) 
19.2 ± 1.0 
N51° 
11.20  
E100° 
19.15  Hovsgol Rasskazov et al. (2003) 
17.4 ± 1.00 
N51° 
11.00  
E100° 
19.14  Hovsgol Rasskazov et al. (2003) 
9.7 ± 0.50 
N51° 
41.25  
E100° 
41.33  Hovsgol Rasskazov et al. (2003) 
10.2 ± 0.70 
N51° 
36.39  
E100° 
37.30  Hovsgol Rasskazov et al. (2003) 
9.5 ± 0.30 
N51° 
23.65  
E100° 
25.90  Hovsgol Rasskazov et al. (2003) 
9 ± 0.40 
N51° 
00.39  
E100° 
42.27  Hovsgol Rasskazov et al. (2003) 
9.9 ± 0.50 
N51° 
04.49  
E100° 
43.23  Hovsgol Rasskazov et al. (2003) 
7.8 ± 0.3  
N51° 
03.38  
E100° 
46.26  Hovsgol Rasskazov et al. (2003) 
7.89 ± 0.09  
N50° 
39.75' 
E100° 
17.36'  Hovsgol Rasskazov et al. (2003) 
8.8 ± 0.2  
N50°  
45.87'  
E100°  
09.37'  Hovsgol Ivanenko et al. (1988)  
8.1 ± 0.2 
N50°  
45.87'  
E100°  
09.37'  Hovsgol Ivanenko et al. (1988)  
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Table S4. Basalt major and trace element data 
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La ppm 22.10 29.78 40.00 27.68 35.01 40.76 25.43 
Ce ppm 46.13 60.94 82.19 60.17 69.38 88.51 52.60 
Pr ppm 5.88 7.59 10.34 7.87 8.60 11.75 6.73 
Nd ppm 24.99 30.99 42.79 33.92 35.55 49.77 28.18 
Sm ppm 5.85 6.80 8.80 7.48 7.88 10.26 6.41 
Eu ppm 2.03 2.24 2.76 2.45 2.63 3.16 2.16 
Gd ppm 5.38 5.89 6.87 6.40 7.01 7.92 5.66 
Tb ppm 0.84 0.88 0.90 0.89 1.00 1.03 0.86 
Dy ppm 4.66 4.70 4.45 4.71 5.34 5.19 4.59 
Ho ppm 0.88 0.85 0.73 0.81 0.95 0.84 0.83 
Er ppm 2.20 2.14 1.60 1.86 2.20 1.84 2.05 
Tm ppm 0.30 0.27 0.19 0.23 0.28 0.22 0.27 
Yb ppm 1.74 1.62 1.05 1.32 1.56 1.17 1.53 
Lu ppm 0.27 0.23 0.14 0.18 0.22 0.15 0.22 
Ba ppm 352 635 627 496 570 811 488 
Th ppm 2.19 3.20 3.93 2.59 4.40 4.08 2.64 
Nb ppm 29.18 32.55 47.80 44.01 59.92 100.25 29.26 
Y ppm 22.09 21.51 18.01 20.09 23.39 20.79 20.73 
Hf ppm 3.80 4.09 5.71 4.59 5.05 8.44 3.79 
Ta ppm 1.79 1.97 3.08 2.61 3.64 5.39 1.80 
U ppm 0.59 0.59 1.04 0.71 1.13 0.79 0.51 
Pb ppm 2.32 3.41 3.70 2.33 2.89 2.29 2.60 
Rb ppm 22.0 33.2 45.7 23.2 35.0 78.4 27.1 
Cs ppm 0.21 0.36 0.52 0.23 0.46 1.45 0.16 
Sr ppm 655 788 1055 1170 906 1020 720 
Sc ppm 23.1 19.9 12.4 17.7 19.6 11.3 20.5 
Zr ppm 165 175 244 195 226 363 159 
Majors 
(wt%) 
normalized to 100% without water   
SiO2 48.63 49.71 50.82 50.91 48.45 51.88 48.74 
TiO2 1.88 1.98 1.97 2.44 2.24 2.77 1.97 
Al2O3 15.70 16.16 15.70 15.02 15.31 13.71 15.20 
FeO 10.42 10.01 10.24 9.66 10.13 9.79 10.54 
MnO    0.16 0.15 0.13 0.14 0.16 0.12 0.15 
MgO    8.89 6.84 5.66 7.37 8.73 5.37 8.99 
CaO    8.63 8.37 6.15 8.29 8.86 6.29 8.39 
Na2O 3.54 3.87 4.91 3.33 3.36 4.50 3.56 
K2O 1.68 2.38 3.66 2.21 2.06 4.59 1.99 
P2O5 0.47 0.53 0.76 0.63 0.70 0.99 0.47 
Mg# 60.31 54.90 49.60 57.63 60.56 49.42 60.30 
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La ppm 24.26 23.97 33.68 21.71 22.28 39.53 43.01 
Ce ppm 50.06 50.04 66.34 45.16 45.74 79.52 86.16 
Pr ppm 6.28 6.38 7.95 5.78 5.88 9.96 10.63 
Nd ppm 25.91 26.51 31.72 24.81 25.27 41.01 42.89 
Sm ppm 5.85 5.90 6.64 5.93 5.87 8.59 8.64 
Eu ppm 2.03 2.05 2.31 2.05 2.07 2.75 2.76 
Gd ppm 5.45 5.62 6.14 5.53 5.66 6.94 6.89 
Tb ppm 0.84 0.84 0.93 0.83 0.85 0.94 0.95 
Dy ppm 4.74 4.77 5.08 4.52 4.61 4.80 4.84 
Ho ppm 0.87 0.93 0.95 0.82 0.81 0.82 0.84 
Er ppm 2.20 2.35 2.36 1.89 1.92 1.86 1.90 
Tm ppm 0.30 0.32 0.31 0.25 0.25 0.23 0.23 
Yb ppm 1.78 1.95 1.80 1.46 1.35 1.26 1.28 
Lu ppm 0.26 0.29 0.26 0.21 0.19 0.17 0.18 
Ba ppm 408 378 476 378 428 651 724 
Th ppm 2.42 2.49 3.72 2.58 2.62 3.94 4.40 
Nb ppm 30.54 28.03 42.53 28.34 32.06 49.21 49.03 
Y ppm 22.09 22.85 23.62 20.07 20.09 20.03 20.55 
Hf ppm 4.20 3.84 4.96 3.93 3.96 5.49 5.61 
Ta ppm 1.94 1.75 2.76 1.76 1.96 3.07 3.12 
U ppm 0.71 0.68 1.00 0.47 0.59 0.97 1.07 
Pb ppm 2.93 2.38 2.41 2.73 2.65 5.23 4.73 
Rb ppm 26.1 20.5 26.6 22.4 24.8 38.9 43.5 
Cs ppm 0.24 0.21 0.28 0.17 0.22 0.42 0.57 
Sr ppm 663 747 845 702 756 1036 1013 
Sc ppm 22.7 28.0 20.5 18.2 17.1 14.0 15.3 
Zr ppm 183 164 222 160 167 235 241 
Majors 
(wt%) 
normalized to 100% without water   
SiO2 49.33 47.83 48.45 50.83 50.83 51.42 50.07 
TiO2 1.88 1.90 1.86 2.02 2.15 2.20 2.18 
Al2O3 16.10 16.09 16.64 15.35 15.18 14.95 14.50 
FeO 10.13 9.68 9.61 10.23 9.95 9.55 10.09 
MnO    0.16 0.16 0.16 0.15 0.14 0.13 0.14 
MgO    7.86 9.41 8.19 7.41 7.84 6.79 7.65 
CaO    8.49 9.56 8.54 8.12 7.94 6.92 6.86 
Na2O 3.82 3.55 4.33 3.79 3.64 3.87 4.25 
K2O 1.73 1.34 1.73 1.65 1.82 3.40 3.50 
P2O5 0.50 0.47 0.49 0.46 0.49 0.76 0.75 
Mg# 58.02 63.39 60.30 56.33 58.40 55.90 57.46 
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La ppm 33.08 9.90 41.96 38.83 23.67 22.40 31.80 
Ce ppm 70.16 21.09 87.99 80.32 49.95 46.76 67.02 
Pr ppm 9.13 3.07 11.46 10.37 6.50 6.02 8.74 
Nd ppm 38.79 15.88 48.26 43.92 28.08 25.68 37.05 
Sm ppm 8.27 5.11 10.53 9.70 6.49 5.97 8.49 
Eu ppm 2.69 1.75 3.34 3.14 2.21 2.02 2.77 
Gd ppm 7.04 4.80 8.69 8.16 5.81 5.38 7.14 
Tb ppm 0.98 0.65 1.19 1.13 0.84 0.79 1.00 
Dy ppm 5.10 3.50 5.97 5.79 4.44 4.42 5.05 
Ho ppm 0.87 0.60 1.01 0.98 0.76 0.80 0.82 
Er ppm 1.98 1.42 2.22 2.22 1.73 1.93 1.80 
Tm ppm 0.25 0.18 0.27 0.27 0.22 0.25 0.22 
Yb ppm 1.40 1.01 1.46 1.47 1.23 1.42 1.16 
Lu ppm 0.20 0.15 0.20 0.21 0.17 0.21 0.15 
Ba ppm 534 186 1007 574 442 443 535 
Th ppm 3.19 1.34 4.62 4.58 2.75 2.53 3.46 
Nb ppm 58.62 8.84 78.60 74.72 36.09 25.97 69.82 
Y ppm 21.60 15.10 24.87 23.88 18.92 19.51 20.39 
Hf ppm 5.12 2.48 6.38 6.35 4.21 3.72 6.38 
Ta ppm 3.58 0.57 4.48 4.38 2.23 1.62 4.21 
U ppm 0.70 0.32 1.19 0.71 0.77 0.56 0.99 
Pb ppm 2.37 2.84 3.31 3.52 2.60 3.09 2.52 
Rb ppm 33.4 4.3 42.4 23.5 34.7 25.1 42.2 
Cs ppm 0.65 0.08 0.62 0.56 0.47 0.29 0.53 
Sr ppm 1036 406 1263 1058 791 616 986 
Sc ppm 18.3 12.7 15.0 14.6 14.6 18.3 11.3 
Zr ppm 220 95 295 279 176 154 280 
Majors 
(wt%) 
normalized to 100% without water   
SiO2 48.91 57.33 48.80 50.07 52.30 50.02 52.26 
TiO2 2.63 1.30 2.85 2.77 2.25 2.02 2.41 
Al2O3 14.53 15.93 13.85 14.10 15.32 15.27 15.58 
FeO 10.56 8.47 10.39 10.25 9.17 10.34 9.11 
MnO    0.14 0.12 0.16 0.14 0.13 0.15 0.12 
MgO    8.60 4.98 7.13 7.15 7.12 8.72 5.49 
CaO    8.22 6.52 8.76 8.17 7.11 8.12 6.65 
Na2O 3.83 4.57 3.78 3.82 3.87 3.88 4.97 
K2O 1.80 0.57 3.22 2.57 2.17 1.06 2.57 
P2O5 0.78 0.22 1.06 0.95 0.57 0.43 0.84 
Mg# 59.18 51.18 55.00 55.43 58.04 60.03 51.76 
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La ppm 46.24 12.91 33.81 24.04 47.89 37.34 37.02 
Ce ppm 106.41 28.82 71.53 52.61 101.29 80.33 78.21 
Pr ppm 14.76 4.07 9.61 7.25 13.22 10.86 10.45 
Nd ppm 63.34 19.49 42.09 32.14 56.77 47.34 45.07 
Sm ppm 12.87 5.40 9.44 7.61 11.93 10.22 9.60 
Eu ppm 3.90 1.88 3.08 2.51 3.83 3.30 3.16 
Gd ppm 9.68 5.16 7.96 6.46 9.41 8.18 7.86 
Tb ppm 1.23 0.75 1.05 0.91 1.22 1.07 1.03 
Dy ppm 5.89 3.98 5.27 4.62 5.92 5.32 5.12 
Ho ppm 0.94 0.71 0.86 0.77 0.92 0.85 0.83 
Er ppm 1.99 1.63 1.89 1.68 1.88 1.83 1.82 
Tm ppm 0.22 0.21 0.22 0.21 0.21 0.22 0.22 
Yb ppm 1.18 1.16 1.19 1.13 1.11 1.17 1.17 
Lu ppm 0.15 0.16 0.16 0.16 0.14 0.15 0.16 
Ba ppm 1020 267 619 445 637 507 676 
Th ppm 2.97 1.17 2.84 1.85 4.17 2.97 3.32 
Nb ppm 71.53 22.30 60.90 49.52 104.08 77.77 65.24 
Y ppm 22.74 17.44 20.71 18.69 22.86 21.18 20.37 
Hf ppm 6.07 3.53 4.77 4.15 5.42 5.07 5.35 
Ta ppm 3.80 1.30 3.45 3.05 5.69 4.08 3.65 
U ppm 0.38 0.35 0.73 1.12 1.12 0.86 0.58 
Pb ppm 2.08 1.56 2.62 1.65 2.34 2.30 3.50 
Rb ppm 32.2 15.1 37.5 25.5 43.5 33.7 40.8 
Cs ppm 1.21 0.25 0.49 0.08 0.70 0.60 0.59 
Sr ppm 1231 503 978 1277 1239 1122 1074 
Sc ppm 12.0 14.6 13.8 13.4 10.5 12.6 13.2 
Zr ppm 264 139 209 176 255 235 234 
Majors 
(wt%) 
normalized to 100% without water   
SiO2 51.15 53.51 50.13 51.89 44.96 48.81 51.07 
TiO2 2.98 2.00 2.81 2.65 3.08 2.74 2.72 
Al2O3 13.99 15.88 13.88 15.30 12.78 14.81 14.22 
FeO 10.34 9.21 9.94 9.81 10.84 9.83 9.39 
MnO    0.13 0.12 0.13 0.12 0.15 0.13 0.13 
MgO    5.34 5.76 7.51 5.95 10.83 7.10 6.69 
CaO    7.16 7.85 7.71 7.25 7.70 7.48 7.51 
Na2O 4.36 3.79 4.51 4.01 4.94 4.96 4.26 
K2O 3.20 1.48 2.43 2.32 3.39 2.96 3.04 
P2O5 1.36 0.40 0.96 0.69 1.33 1.18 0.97 
Mg# 47.90 52.69 57.37 51.93 64.02 56.26 55.93 
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La ppm 22.43 26.76 21.45 69.75 30.13 18.15 18.07 
Ce ppm 50.04 55.49 46.07 140.13 63.52 40.75 40.43 
Pr ppm 6.95 7.12 6.35 17.23 8.15 5.53 5.58 
Nd ppm 31.38 30.31 28.92 70.96 34.65 24.93 25.65 
Sm ppm 7.70 7.14 7.19 14.58 7.93 6.29 6.53 
Eu ppm 2.62 2.35 2.44 4.56 2.64 2.20 2.26 
Gd ppm 6.92 6.47 6.68 11.18 7.00 5.91 6.05 
Tb ppm 0.97 0.91 0.96 1.44 1.02 0.88 0.89 
Dy ppm 5.07 4.87 5.11 6.64 5.23 4.72 4.75 
Ho ppm 0.87 0.85 0.87 0.97 0.90 0.83 0.83 
Er ppm 1.95 1.98 2.02 1.85 2.07 2.01 1.96 
Tm ppm 0.25 0.26 0.25 0.20 0.27 0.26 0.25 
Yb ppm 1.40 1.49 1.40 0.92 1.45 1.47 1.40 
Lu ppm 0.20 0.21 0.20 0.10 0.21 0.20 0.20 
Ba ppm 308 334 408 407 323 240 343 
Th ppm 1.86 2.49 1.87 5.78 2.92 1.82 1.54 
Nb ppm 31.55 38.97 29.49 98.90 50.54 27.78 25.57 
Y ppm 21.51 21.22 21.29 23.99 22.15 20.77 20.45 
Hf ppm 4.65 4.36 4.35 7.69 5.42 4.29 4.01 
Ta ppm 1.93 2.31 1.82 5.89 3.14 1.72 1.60 
U ppm 0.74 0.79 0.53 1.50 0.95 0.29 0.46 
Pb ppm 1.82 2.82 2.07 4.18 2.54 1.90 2.04 
Rb ppm 18.1 18.9 24.8 27.5 21.6 13.8 22.2 
Cs ppm 0.13 0.31 0.16 0.50 0.40 0.05 0.17 
Sr ppm 706 771 612 1847 852 559 488 
Sc ppm 17.2 16.3 16.1 6.1 16.9 17.6 16.7 
Zr ppm 195 197 182 371 234 184 167 
Majors 
(wt%) 
normalized to 100% without water   
SiO2 48.98 49.18 50.77 48.22 48.48 51.55 50.94 
TiO2 2.45 2.10 2.46 2.57 2.74 2.32 2.32 
Al2O3 15.27 16.24 15.51 16.62 15.32 15.32 15.35 
FeO 11.83 10.67 11.07 11.37 10.84 10.09 10.78 
MnO    0.17 0.16 0.15 0.17 0.16 0.15 0.15 
MgO    7.20 7.84 5.94 3.18 7.94 6.85 7.12 
CaO    7.96 7.66 7.56 6.27 8.53 7.90 7.47 
Na2O 3.99 3.65 4.12 6.32 3.83 3.88 3.74 
K2O 1.56 1.80 1.84 3.58 1.41 1.44 1.64 
P2O5 0.59 0.70 0.58 1.70 0.76 0.49 0.49 
Mg# 52.02 56.70 48.87 33.29 56.63 54.75 54.08 
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La ppm 23.18 22.94 22.54 29.22 32.35 27.86 31.96 
Ce ppm 46.97 46.59 46.03 62.86 74.06 65.39 70.89 
Pr ppm 5.91 5.89 5.84 8.36 10.07 9.08 9.71 
Nd ppm 24.97 25.09 25.15 36.46 42.82 40.16 42.18 
Sm ppm 6.01 5.95 6.10 8.25 9.20 8.91 9.09 
Eu ppm 2.04 2.02 2.08 2.74 2.96 2.83 2.87 
Gd ppm 5.59 5.68 5.93 7.31 7.37 7.23 7.42 
Tb ppm 0.85 0.83 0.89 1.01 0.98 0.95 1.03 
Dy ppm 4.64 4.62 4.91 5.13 4.62 4.59 5.15 
Ho ppm 0.82 0.83 0.88 0.82 0.67 0.69 0.85 
Er ppm 1.95 1.98 2.16 1.83 1.30 1.40 1.94 
Tm ppm 0.27 0.26 0.28 0.22 0.14 0.15 0.23 
Yb ppm 1.47 1.46 1.64 1.15 0.70 0.76 1.29 
Lu ppm 0.22 0.22 0.24 0.15 0.09 0.09 0.18 
Ba ppm 333 334 289 653 919 892 764 
Th ppm 2.39 2.39 2.43 2.28 1.28 1.10 2.02 
Nb ppm 38.91 39.11 40.49 54.60 33.42 36.68 47.75 
Y ppm 20.52 20.38 22.21 20.51 16.70 17.22 21.91 
Hf ppm 4.24 4.25 4.31 5.67 6.92 6.63 5.62 
Ta ppm 2.34 2.32 2.47 3.17 1.55 1.99 2.75 
U ppm 0.77 0.78 0.78 0.70 0.71 0.35 0.61 
Pb ppm 2.21 2.20 2.22 2.26 1.18 1.29 2.43 
Rb ppm 19.4 18.9 20.8 74.1 84.3 74.0 62.1 
Cs ppm 0.21 0.19 0.19 0.58 0.74 0.59 0.37 
Sr ppm 699 705 643 901 977 1010 1057 
Sc ppm 18.1 18.2 19.0 11.3 6.5 6.9 13.4 
Zr ppm 187 187 190 236 276 264 231 
Majors 
(wt%) 
normalized to 100% without water   
SiO2 49.12 49.07 49.02 51.82 59.79 58.21 51.95 
TiO2 2.11 2.13 2.29 2.63 2.03 2.36 2.63 
Al2O3 15.63 15.55 15.70 14.65 14.91 14.88 14.83 
FeO 9.92 10.00 10.37 9.50 7.19 8.10 10.29 
MnO    0.15 0.15 0.16 0.12 0.07 0.08 0.14 
MgO    8.10 8.07 7.76 6.36 2.00 2.68 4.48 
CaO    8.22 8.47 8.12 6.46 4.19 4.45 7.15 
Na2O 4.18 4.04 4.14 4.45 4.49 4.25 3.88 
K2O 1.99 1.95 1.88 3.17 4.66 4.17 3.72 
P2O5 0.57 0.56 0.56 0.83 0.69 0.80 0.94 
Mg# 59.26 58.99 57.14 54.41 33.10 37.10 43.68 
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La ppm 30.15 38.42      
Ce ppm 67.73 77.04      
Pr ppm 9.35 9.68      
Nd ppm 40.49 40.37      
Sm ppm 8.76 9.00      
Eu ppm 2.75 2.98      
Gd ppm 7.17 7.96      
Tb ppm 1.00 1.12      
Dy ppm 5.06 5.72      
Ho ppm 0.86 0.97      
Er ppm 1.95 2.12      
Tm ppm 0.23 0.27      
Yb ppm 1.33 1.38      
Lu ppm 0.18 0.19      
Ba ppm 709 532      
Th ppm 1.66 4.18      
Nb ppm 42.81 64.81      
Y ppm 21.05 23.81      
Hf ppm 5.56 5.91      
Ta ppm 2.42 3.93      
U ppm 0.57 1.74      
Pb ppm 2.57 3.03      
Rb ppm 55.5 34.6      
Cs ppm 0.34 0.56      
Sr ppm 925 1002      
Sc ppm 13.9 14.6      
Zr ppm 227 260      
Majors 
(wt%) 
normalized to 100% without water   
SiO2 52.62 49.67      
TiO2 2.56 2.52      
Al2O3 14.74 15.25      
FeO 10.35 10.40      
MnO    0.13 0.18      
MgO    4.88 5.45      
CaO    6.59 9.02      
Na2O 4.21 4.73      
K2O 3.09 1.88      
P2O5 0.85 0.91      
Mg# 45.65 48.27      
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Table S5. U-Pb age data 
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Table S6. Crustal xenolith major and trace element data 
 
Sample  C1 C2 C3 C4 C5 C6 
Majors 
wt% 
      
SiO2 54.23 65.88 55.32 57.61 45.16 55.00 
TiO2 1.98 0.70 1.19 1.20 1.19 1.09 
Al2O3 17.09 15.44 17.44 17.85 17.63 18.09 
FeO 8.42 4.70 7.10 5.92 11.65 7.21 
MnO    0.17 0.12 0.13 0.10 0.21 0.12 
MgO    3.03 1.23 4.28 2.14 7.46 3.84 
CaO    6.02 3.65 7.12 4.88 13.91 6.80 
Na2O 5.74 4.99 5.20 4.64 1.98 4.43 
K2O 2.12 1.65 1.30 4.42 0.13 2.35 
P2O5 0.61 0.23 0.54 0.39 0.08 0.34 
 Sum wt% 99.42 98.58 99.60 99.15 99.39 99.25 
La ppm 32.74 21.36 25.71 32.75 4.58 27.19 
Ce ppm 74.61 41.38 53.35 69.21 14.87 54.51 
Pr ppm 10.08 4.90 6.85 9.11 2.64 6.49 
Nd ppm 43.23 19.18 28.53 37.68 13.59 25.32 
Sm ppm 9.66 4.20 5.68 7.58 3.85 4.93 
Eu ppm 2.85 1.73 1.69 2.03 1.41 1.62 
Gd ppm 8.79 4.27 4.51 5.98 4.13 3.92 
Tb ppm 1.40 0.70 0.63 0.91 0.71 0.55 
Dy ppm 8.48 4.43 3.41 5.02 4.56 3.02 
Ho ppm 1.74 0.92 0.62 0.94 0.92 0.58 
Er ppm 4.79 2.60 1.51 2.45 2.57 1.48 
Tm ppm 0.70 0.38 0.20 0.33 0.38 0.21 
Yb ppm 4.25 2.48 1.19 2.02 2.36 1.27 
Lu ppm 0.63 0.39 0.18 0.31 0.37 0.20 
Ba ppm 909 502 1173 1317 21 897 
Th ppm 0.14 4.23 0.49 0.19 0.08 0.80 
Nb ppm 15.17 10.38 5.84 10.87 0.88 6.32 
Y ppm 44.11 23.65 15.69 24.67 23.53 14.30 
Hf ppm 6.30 5.07 1.77 9.85 1.96 1.83 
Ta ppm 0.87 0.67 0.34 0.50 0.07 0.42 
U ppm 0.13 1.04 0.15 0.16 0.03 0.23 
Pb ppm 11.76 11.12 10.03 17.83 0.72 12.68 
Rb ppm 13.0 43.8 7.1 57.4 0.9 35.6 
Cs ppm 0.03 1.48 0.05 0.02 0.01 0.15 
Sr ppm 838 309 1423 877 222 1066 
Sc ppm 18.4 14.5 17.5 12.2 46.9 15.2 
Zr ppm 252 211 59 424 63 65 
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Sample 
Name 
C7 C8 11-5 11-6 11-7 11-8 
Majors 
wt% 
      
 SiO2   58.22 54.05 72.21 58.80 57.89 56.05 
 TiO2   1.26 1.05 0.21 0.97 1.29 0.92 
 Al2O3  17.60 18.15 14.43 16.65 17.88 19.81 
 FeO* 6.58 7.09 2.07 6.15 5.92 5.66 
 MnO    0.13 0.12 0.03 0.12 0.09 0.08 
 MgO    2.33 4.47 0.31 2.95 1.93 3.67 
 CaO    4.53 7.25 1.79 5.36 4.44 7.20 
 Na2O   5.68 4.61 5.36 4.36 5.65 5.60 
 K2O    3.04 2.25 2.17 3.26 3.73 0.92 
 P2O5   0.51 0.38 0.02 0.29 0.41 0.20 
 Sum 99.88 99.42 98.59 98.91 99.23 100.11 
La ppm 39.96 16.40 21.58 33.48 27.60 11.45 
Ce ppm 82.81 34.69 29.23 66.74 57.77 25.77 
Pr ppm 10.25 5.23 2.55 8.15 7.65 3.48 
Nd ppm 40.61 23.89 7.54 31.36 32.70 14.93 
Sm ppm 7.62 5.11 0.81 6.17 6.73 3.28 
Eu ppm 2.09 1.75 2.15 1.60 1.96 1.26 
Gd ppm 5.81 4.16 0.51 4.86 5.40 2.89 
Tb ppm 0.80 0.58 0.07 0.71 0.78 0.42 
Dy ppm 4.28 3.20 0.42 4.00 4.27 2.36 
Ho ppm 0.80 0.60 0.10 0.75 0.78 0.45 
Er ppm 2.04 1.53 0.34 1.95 2.01 1.16 
Tm ppm 0.27 0.21 0.06 0.28 0.27 0.17 
Yb ppm 1.67 1.30 0.52 1.76 1.66 1.01 
Lu ppm 0.25 0.19 0.10 0.28 0.24 0.16 
Ba ppm 1419 1422 1141 1008 1601 616 
Th ppm 0.28 0.27 0.17 0.44 0.22 0.06 
Nb ppm 9.68 3.04 1.19 7.94 9.78 4.12 
Y ppm 20.38 15.11 2.53 19.55 19.78 11.61 
Hf ppm 5.82 1.51 7.53 6.12 11.69 2.65 
Ta ppm 0.50 0.18 0.04 0.47 0.36 0.17 
U ppm 0.15 0.08 0.24 0.31 0.31 0.03 
Pb ppm 16.32 6.75 29.69 17.22 14.79 5.50 
Rb ppm 36.8 11.5 14.5 61.4 32.7 2.4 
Cs ppm 0.01 0.06 0.00 0.02 0.02 0.01 
Sr ppm 927 2217 342 812 914 1126 
Sc ppm 10.9 16.5 2.0 13.6 9.7 13.5 
Zr ppm 245 48 331 248 496 94 
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